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Chapter 1. Palladium(II)-Catalyzed Enantioselective Saucy-Marbet 
Claisen Rearrangement of Propargyloxy Indoles to Quaternary Oxindoles 
and Spirocyclic Lactones1 
1.1. Natural Products and Pharmaceutical Agents Incorporating an Oxindole 
The oxindole framework bearing a quaternary stereocenter at the C3-position is a 
privileged heterocyclic motif, which is present in a large number of biologically active 
natural products.2 Many of these natural products, including physostigmine,3 flustramine 
B,4 pseudophrynaminol,5 and mollenine,6 contain an allyl chain at C3 (Figure 1.1). This 
chain could easily be installed in an asymmetric fashion utilizing Claisen rearrangement 
methodology. Notably, syntheses have not been described for mollenine and notamides,7 
novel alkaloids derived from marine sources, which incorporate this motif. 
Figure 1.1. Examples of Natural Products Containing an Oxindole 
 
 The oxindole moiety is also a popular fragment for drug discovery, and several 














































1.2).8,9,10 The prevalence of pharmaceutical entities bearing spirocyclic quaternary center 
at the C3 position of oxindoles11 has led to a demand for efficient methods for their 
enantioselective synthesis.12 The topology of this moiety allows functionalization of all 
four faces of a tetrahedron centered on the spirocyclic center, creating an ideal 
environment for structural diversity. 
Figure 1.2. Natural Products and Pharmaceutical Agents Incorporating an Oxindole 
 
1.2. Approaches to Enantiopure Oxindoles and Spirooxindoles 
To facilitate the synthesis of natural products and related analogues for biological 
evaluation and studies on structure-activity relationships, catalytic asymmetric syntheses 
of oxindoles with a quaternary center has been of intense interest, some of which are 
outlined in Figure 1.3.2e,3,12,13 Overman generated such oxindoles via an asymmetric Heck 
reaction with very good enantioselectivity.14 Later, Fu developed an enantioselective 






























Potent MDM2 inhibitor (3 nM)
(increases activity of the p53 tumor suppressor)
EC50 = 32.5 µM (HepG2) 
hepatocellular carcinoma cells
EC50 = 42.8 µM (A549) 
lung adenocarcinoma cells



















NF54 IC50 = 9nM
Antituberculosis
MptpB IC50 = 320 nM
 !"
carbonate.15 Recognizing that oxindoles can be enolized readily, Trost developed an 
asymmetric !-allylation to yield oxindole variants.16  
Figure 1.3. Catalytic Asymmetric Synthesis of Oxindoles Bearing a C3 Quaternary 
Stereocenter 
 
For most of these methods, several steps are needed to prepare the precursors. 
Moreover, in all cases, N-masked indoles are used. Also, not all substituent combinations 
are available at the quaternary center. For example, ester/allyl combinations, which map 
onto many natural products, are not available in high enantioselectivity. By exploiting 














a. Overman's Asymmetric Heck Reaction







































2 equiv MOt-Bu, THF, rt-80 °C
R2 OCO2t-Bu
R1 = Me, R2 = H 99%, 81% ee
R1 = Ph, R2 = Ph 88%, 




















c. Trost's Asymmetric Allylation
 !"
that would be difficult or impossible to obtain via other routes including ester/allyl 
combinations, generation of two adjacent quaternary centers, and formation of allenes 
from the propargyl alcohols. 
While the synthesis of spirocyclic oxindoles has continued to gain attention, the 
development of enantioselective methods to access spirooxindoles remains an ongoing 
challenge.12 The strategy for the asymmetric synthesis of spirooxindoles is based on two 
primary disconnections, which are described in Figure 1.4. The first strategy involves 
addition and spirocyclization with an alkylidene oxindole to afford cyclopropane, 
cyclopentane, cyclohexane as well as heterocycle spirooxindoles. Indole-2,3-dione 
(isatin) is an alternative precursor to generate various spirocyclic heterocycles. For 
example, Gong reported the catalytic asymmetric synthesis of spiro[pyrrolidine-3,3!-
oxindole], using a three component dipolar cycloaddition reaction catalyzed by BINOL-
derived phosphoric acid.12i Tanaka and co-wokers have employed a rhodium (I)-catalyzed 
intermolecular [4 + 2] annulation reaction between 2-alkynylbenzaldehydes and isatins to 
access spirocyclic benzopyranones in excellent yield (up to 97%) and enantioselectivity 
(up to 99% ee).12l  While very powerful, these two basic approaches do not allow access 
to all types of oxindole spirocycles. 




















1.3. Saucy-Marbet Claisen Rearrangment Background 
The Saucy-Marbet Claisen rearrangement of propargyl vinyl ethers is a [!2s + "2s + !2s] 
sigmatropic isomerization process (Scheme 1.1).17 This transformation is a key entry to 
generate the #-ketoallene moiety. The allene group is a versatile functionality, since it 
can function as either a nucleophile or an electrophile and also as a substrate for 
cycloaddition reactions.18 Because allenes are excellent candidates for synthetic 
manipulations and have many potential applications,19 methods to generate 















BINOL-phosphoric acid 10 mol%
3 Å MS, CH2Cl2
25 °C, 48 h 71-97% yield
>99:1 rr
81-98% ee
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obtained by stereospecific reaction of enantioenriched precursors and there are few 
catalytic asymmetric methods for their generation.18 
Scheme 1.1. General Saucy-Marbet Claisen Rearrangement 
 
The development of catalytic enantioselective Claisen rearrangement reactions is 
a longstanding challenge in organic synthesis.17 Only five highly enantioselective 
catalytic versions of this concerted rearrangement have been reported in the more than 
100 years since this reaction was discovered, relying on Lewis acids,20,21 hydrogen 
bonding catalysts22 or chiral N-heterocyclic carbenes.23 A related asymmetric 
transformation via a !-allyl intermediate has also been reported.24 Furthermore, 
enantioselective catalysis in the rearrangements of alkynyl vinyl ethers has not been 
described, even though auxiliary controlled diastereoselective versions are documented.25  
In asymmetric catalysis, Saucy-Marbet Claisen rearrangement presents a distinct 
set of challenges since the cylindrically symmetric alkyne provides no opportunity for 
facial discrimination. In addition, the allenyl products of such a rearrangement are poised 
to undergo tandem reactions to rapidly generate complex structures. As previously 
reported by our group,21 palladium complexes were identified that effect the asymmetric 
catalytic Claisen rearrangement of allyloxy indoles to produce a range of allyloxindoles 
bearing a quaternary stereocenter (Scheme 1.2). In an effort to expand this method, I 
undertook the development of the corresponding Saucy-Marbet Claisen rearrangement 


















Scheme 1.2. Asymmetric Catalytic Eschenmoser Claisen Rearrangement 
 
1.4. Synthesis of Claisen Rearrangement Precursors 
Propargyl substituted indoles 1.3, which were obtained from indole 1.1 and 
propargyl alcohol 1.2 (Scheme 1.3), were employed as substrates.21,26 Though a few of 
these substrates were found to rearrange spontaneously at low temperatures (rt - 40 °C), 
most could be purified following a strict isolation protocol and then be stored for up to a 
year at –20 °C. 
Scheme 1.3. Synthesis of Indole Series 
 
1.5. Lewis Acid Screening: Palladium with Phosphinooxazoline Ligand 
Based on the success of palladium catalysts for the transformation of allyloxy 
indoles to allyl oxindoles (Scheme 1.2), a stereochemical model of Pd(t-BuPHOX) 



















R1 = Me, i-Pr, t-Bu, Bn 
R2 = H, Me, Et
R3 = H, OMe, Br













R1 = Me, Et, t-Bu, Bn, CH2CF3
R2 = H, Me, t-Bu, MIDA, Ar, TMS, TES, TBS, TIPS








model suggested that the ester group, which likely coordinates to the palladium metal, 
could interact with the alkyne even though the sp centers of the alkyne distort the 
transition state so that the alkyne is further away from the catalyst ligand environment.  
Specifically, through a gearing interaction the ester group was proposed to undergo an 
interaction with larger alkyne terminal substituents to suppress the pathways to one 
enantiomer.  
Figure 1.5. Proposed Transition States with the Palladium- PHOX Catalyst 
 
In line with this hypothesis, increasing the size of the terminal alkyne substituents 
did result in enhanced selectivity (Table 1.1, entries 1-5). In particular, very high levels of 
enantioselectivity  (96-98% ee) were observed with alkynes having ortho-substituted aryl 
groups at R2.  In addition, the reactivity of these compounds was significantly higher.  
For example, complete conversion to product was observed in 8 h at –15 °C with just 5 
mol% catalyst loading (entries 6-9) vs rt or 0 °C for other substrates (entries 1-5). 
Apparently, the strain introduced in these substrates greatly destabilizes the product-
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tert-butyl and N-methyliminodiacetic acid (MIDA) boronates provided lower selectivity 
(entries 10-12). 
Table 1.1. Substrate Scope with Palladium t-BuPHOX Catalyst 
 
Entry 1.3 R1 R2 mol% cat T (°C) t Yield (%) ee (%) 
1 a t-Bu H 20 0 10 min 100a 0 
2 b t-Bu Me 20 0 15 min 100a 4 
3 c Me H 20 0 10 min 100a 14 
4 d Me Me 20 0 15 min 100a 45 
5 e Me Ph 5 –15 8 h 96 78 
6 f Me o-MePh 5 –15 8 h 95 98 
7 g Me o-BrPh 5 –15 8 h 93 96 
8 h Me 1-Nap 5 –15 8 h 95 98 
9 i Me o-MeOPh 5 –15 8 h 90 98 
10 j Me TMS 20 0 90 min 15 14 
11 k Me t-Bu 20 0 2 d 100a 45 
12b l Me MIDA-Bc 20 45 2 d 60 70 
(a) Conversion (%).  (b) Solvent: 1:5:5 MeCN:C6H5Cl:CH2Cl2.  (c) MIDA boronate, see reference 27. 
1.6. Lewis Acid Screening: Palladium with Diphosphine Ligands 
In an effort to improve the enantioselection of non-aryl alkynes, alternative 
ligands were evaluated. A stereochemical model with BINAP (Figure 1.6) revealed the 
potential for good stereodifferentiation.  Again larger alkyne groups are anticipated to 
















Figure 1.6. Stereochemical Model of the Rearrangement with Pd [(R)BINAP] 
System 
 
Indeed, better selectivity for large alkynyl substituents was observed with 
BINAP-derived complexes (Table 1.2). The substrated derived from propargyl alcohol 
1.3d afforded 4% ee (entry 2) while the substrate from the tert-butyl-substituted 
propargyl alcohol 1.3k provided 76% ee (entry 3). Among a series of biaryl diphosphine 
ligands, DifluoroPHOS proved the most effective, providing tert-butyl-substituted allene 
1.4k with 90% yield and 86% ee (entry 4). Most surprising was the poor selectivity of the 
TMS-substituted alkyne (entry 6). A significant improvement with a return to BINAP 
(44% vs 77% ee, entries 6-7) suggested that trace fluoride from the DifluoroPHOS 
interferes with the rearrangement. While elevated temperature (rt vs 0 °C) allowed for 
good conversion of TBS substrates (entry 9), it also led to lower selectivity, which 
limited the utility of this system for large silyl-substitued terminal alkynes. However, this 
problem was solved by modifying the reaction solvent. A screen of CH2Cl2, C6H5CF3, 



























mixture afforded good conversion and enantioselectivity (89% ee, entry 10) with the TBS 
substrate. 
Table 1.2. Diphosphine Ligand Screening 
 
Entry L 1.3 R2 Mol% cat. t 
Yield 
(%) ee (%) 
1 L1 c H 20 10 min 100 8 
2 L1 d Me 20 30 min 100 4 
3 L1 k t-Bu 20 2 d 40 76 
4 L2 k t-Bu 100 10 h 90 86 
5 L3 k t-Bu 100 10 h 90 83 
6 L2 j TMS 100 10 h 95 44 
7 L1 j TMS 100 4 h 90 77 
8 L1 j TMS 20 4 d 100 60 
9 L1 m TBS 100 14 h 100 89a 
10 L1 m TBS 20 5 d 90 89b 
(a) Room temperature. (b) Reaction condition:  1:1 C6H5Cl:C6H5CH3 at rt. 
Gratifyingly, the Pd-BINAP complex afforded high selectivities with a range of 
TES- or TBS- substrates (Table 1.3). Both electron-withdrawing and electron-donating 
groups were tolerated on the indole framework. However, lower catalyst loadings 
translated into unacceptably long reaction times and lower enantioselectivity. To 
maintain the enantioselectivity for a 5 mol% catalyst reaction, it was realized that the 






























reaction, a similar diphosphine ligand bearing an electron-withdrawing group was 
theorized to result in a more Lewis-acidic and reactive catalyst (entry 5). BIPHEP (L5) 
was indeed better in terms of reaction time but worse than BINAP (L1) in terms of 
enantioselectivity. The absolute configurations of the products were established through 
crystal structures and are in accord with the model shown in Figure 1.6. 
Table 1.3. Substrate Scope in the Saucy-Marbet Rearrangement 
 
Entry 1.3 R1 R2 R3 t Yield (%) ee (%) 
1 n Me TES H 6 d 78 90 
2 m Me TBS H 5 d 90 89 
3 o Et TBS 7-Me 5 d 87 90 
4 o Et TBS 7-Me 10 d 76 90a 
5 o Et TBS 7-Me 6 d 65 86a,b 
6 p Et TBS 5-OMe 5 d 82 93 
7 q Et TBS 7-OMe 6 d 91 93 
8 r Et TBS 5-Br 6 d 85 90 
(a)  5 mol% L*Pd(SbF6)2. (b) BIPHEP L5 was used 
A further study of the mechanism of the formation of allene 1.4 from 1.3 was 
undertaken by combining two different substrates in one reaction (Scheme 1.4). When 
these substrates was subjected to the reaction conditions, no crossover was observed and 
the products arising from a [3,3’]-sigmatropic rearrangment were isolated in in high yield 
and enantioselectivity. This result ruled out a stepwise ionic mechanism and confirmed a 





























Scheme 1.4. Mechanism Study 
 
1.7. Metal Screening 
The main drawback with the palladium catalysts in the reactions from Section 1.6 
remained the long reaction times. In an attempt to resolve this issue, a number of 
different metals were complexed with BINAP and examined (Table 1.4). Although 100 
mol% catalyst was used, the reactions with Ag, Cu, Pt were very slow and resulted in 
decomposition (entries 1-3). Among metal complexes, Ni catalyst gave highest 
selectivity, but poor turnover (entry 4-5). On the other hand, the reaction with gold 
proceeded at a much faster rate but with modest selectivity (entry 6).28  
Table 1.4. Metal Screening 
 
Entry M R2 Cat. mol% t Conv (%) ee (%) 
1 Ag(I) t-Bu 100 4 d 0 NA 
2 Cu(II) t-Bu 100 4 d 0 NA 
3 Pt(II) t-Bu 100 2 d decomp. NA 
4 Ni(II) t-Bu 100 4 d 30 87 
5 Ni(II) TIPS 100 4 d 90 66a 
6 Au(III) TBS 20 2 h 100 60b 


















































     (b) R3 = 5-MeO. Reaction conditions: Au(III) catalyst, C6H5Cl, 0 °C 
Encouraged with the reactivity of the gold (III) catalyst (Table 1.5, entries 1 and 
3), we undertook a parallel microscale screen with resources that became available at this 
point in the project. Using 1-mL vials with 100 µL reaction volumes at a 0.1M 
concentration, 192 chiral mono- and bi-dentate phosphine ligands were screened in 96-
well plates. A control experiment of larger scale showed that the AgCl formed during the 
generation of the gold catalyst did not affect the enantioselectivity; this result was crucial 
as it is quite impossible to remove the AgCl precipitate at the microscale reaction level. 
However, we were disappointed with the poor selectivity of substrates (R2 = TBS, 0-67% 
ee) seen with either Au(III) or Au(I) catalysts. Use of a larger silyl group (TIPS, Table 
1.5, entry 4) or smaller groups (TMS and Me, entries 6-8) did not result in retention of 
the selectivity. Unfortunately, the enantioselectivity could not be improved using 
different solvents (entry 3) or counter-anions (entry 5). As a result, we determined that 
the palladium (II) catalyst is the most efficient catalyst for the Saucy-Marbet Claisen 
rearrangement, providing both sufficient reactivity and high enantioselectivity. 
Table 1.5. Gold Catalyst Optimization 
 
Entry n X R1 R2 R3 T(°C) t Conv  
(%) 
ee (%) 
1 3 SbF6- Me TBS 5-MeO rt 2 h 100 60 
2 1 SbF6- Me TBS 5-MeO rt 3 h 100 47 
3 3 SbF6- Me TBS 5-MeO 0 6 h 100 60a 
4 3 SbF6- Me TIPS H rt 18 h 100 36 
5 3 BF4- Me TIPS H rt 14 h 50 10 

















6 3 SbF6- i-Pr TMS H 0 1 h 100 6 
7 3 SbF6- Me Me H 0 30 min 100 3 
8 1 SbF6- Me Me H 0 30 min 100 7 
(a) Solvent: C6H5Cl 
1.8. Tandem Rearrangement-Spirocyclization to Generate Spirocyclic 
Lactones 
Higher temperatures (40 °C vs rt) were required when the optimized conditions 
using catalytic palladium were applied to the even larger TIPS substrates. Under these 
conditions, an entirely different product, spirocyclic lactone 1.5s, was observed as the 
major product (Equation 1.1).  Only a few examples of the racemic, saturated versions of 
these spirooxindoles have been reported.8,29 Because of the broad utility of tandem 
reactions and the interesting structures of the spirocyclic lactones, further study of this 
tandem cyclization was undertaken. 
Equation 1.1 
 
To determine the cause of the cyclization, the allene was investigated as a 
potential intermediate (Figure 1.7). Notably, the cyclization is not catalyzed by Brønsted 
acid and the Pd catalyst is necessary to generate the spirolactone from the allene(Figure 
1.7). Specially, TIPS-substituted 1.4s (89% ee) was isolated at lower temperature and 
then resubjected to the reaction conditions, resulting in full conversion to 1.5s (90% ee). 




























subsequent Lewis acid induced cyclization, !-silyl ketone 1.6 was generated (see below). 
Upon subjection of this ketone to the palladium catalyst, only spirocyclic lactone 1.5o 
was recovered. 
Figure 1.7. Formation of the Spirocyclic Lactone 
 
We also observed that non-silyl substrates reluctantly formed the spirolactone. 
The mechanism most consistent with all the data is the formation of allene 1.4 followed 
by hydration and a palladium-catalyzed cyclization to generate lactone 1.5 (Scheme 1.5). 
A key component of this mechanism is carbocation intermediate 1.7, which was 

















AgSbF6, CH2Cl2, 2 d
CF3CO2H 25 mol%, CH2Cl2 2 d

























Scheme 1.5. Proposal Mechanism for the Formation of Spirocyclic Lactones 
 
In order to selectively generate the allene 1.4 at elevated temperature (vs 
spirocyclic lactone 1.5), efforts were directed at removing trace water and acid from the 
reaction mixtures (Table 1.6). Water absorbents such as 3 or 4 Å MS, MgO, and MgSO4 
were used, which stopped the cyclization process to some extent (entries 1-4). It was 
exciting to find that the use of 2,4,6-tri-tert-butylpyridine or  (TMEDA)Zn(SbF6)2  
prevented the cyclization entirely (entries 5 and 7).  
Table 1.6. Additives Screening 
 
 




1.4s : 1.5s 




1 : 0.8 
 




1 : 4.4  
 
3 MS 3 Å or 4 Å 
 








1 : 2.2 
 
5a 10 mol% tri-tert-butylpyridine 
 
80 (10 d) 
 






































































6 10 mol% N(TMS)3 
tris(trimethylsilyl)amine 
 








1 : 0 (94% ee) 
 
  (a) 30 mol% palladium catalyst 
In line with the proposed mechanism (Scheme 1.5), addition of water shifted the 
reaction outcome entirely to the spirolactone 1.5. A range of substrates was readily 
transformed to the corresponding spirooxindole lactones (Table 1.7). Substrates with 
different esters or indole substituents were well tolerated, providing the spirolactone in 
good yields and enantioselectivities. Reactions on a larger scale also proceeded well 
(entry 1).  
Table 1.7. Tandem Rearrangement -Cylization 
 
Entry 1.3 R1 R2 R3 t (d) Solventa Yield (%) ee (%) 
1 s Me TIPS H 4.5 C 78b 90 
2 t Et TIPS H 4 C 95 90 
3 u CH2CF3 TIPS H 4 C 90 87 
4 v Bn TIPS H 4 C 95 92 
5 w Et TIPS 7-Me 6 B 93 96 
6 x Et TIPS 5-OMe 5 A 81 91 
7 y Et TIPS 7-OMe 6 C 90 92 
8 z Et TIPS 5-Br 6 B 82 92 
9c m Me TBS H 5 B 95 86 
(a) Solvents: A) CH2Cl2, B) 1:1 C6H5Cl:C6H5CH3, C) C6H5Cl.  
(b) Performed with 0.5 mmol substrate.  (c) Reaction conducted at rt. 
The allenyl products were found to be useful in a number of transformations 
























1.6. This ketone could easily undergo Brook rearrangement to form silyl enol ether 1.8 or 
cylization to form lactone 1.5o. The silyl group on 1.4n was effectively removed by 
TBAF to provide the simplest congener 1.4c, a compound that was not directly accessible 
via the Saucy Marbet Claisen rearragement (see Table 1.1, entry 3). 
Scheme 1.6. Transformations of Allenyl Compounds 
 
1.9. Conclusion 
Highly enantioselective catalytic processes are described for the Saucy-Marbet 
Claisen rearrangements using palladium with BINAP or t-BuPHOX ligands to construct a 
range of oxindoles bearing an allenyl-substituted quaternary center. Mechanistic evidence 
firmly established the intermediacy of a [3,3’]-sigmatropic rearrangement vs ionic or 
stepwise processes. Oxindole products with functional groups at different positions can 
be utilized, which allow for further functionalization. Tandem reactions of silyl-allene 




























































summary, a wide range of structurely rich chiral oxindoles is readily accessible via the 
catalytic transformations described herein.  
1.10. Experimental Section 
 General Considerations: Unless otherwise noted, all non-aqueous reactions were 
carried out under an atmosphere of dry N2 in dried glassware. When necessary, solvents 
and reagents were dried prior to use. THF was distilled from sodium benzophenone ketyl. 
CH3CN, CH2Cl2, TMEDA, and toluene were distilled from CaH2. The propargyl 
alcohols31 and some indole precursors21,32 were prepared following the literature 
protocols.  
 Analytical thin layer chromatography (TLC) was performed on EM Reagents 0.25 
mm silica-gel 254-F plates. Visualization was accomplished with UV light. 
Chromatography was performed using a forced flow of the indicated solvent system on 
EM Reagents Silica Gel 60 (230-400 mesh). When necessary, the column was pre-
washed with 1% Et3N in the eluent system. Enantiomeric excesses were determined using 
analytical high performance liquid chromatography (HPLC), performed on a Waters 600 
HPLC with UV detection at 254 nm or supercritical fluid chromatography (SFC), 
performed on a JASCO SFC with UV detection at 254 nm, using analytical Chiralpak 
OD, AS AD, IA, OJ-H columns (0.46 cm x 25 cm) from Daicel. 1H NMR spectra were 
recorded on Bruker AM-500 (500 MHz), AM-360 (360 MHz), or AM-300 (300 MHz) 
spectrometers. Chemical shifts are reported in ppm from tetramethylsilane (0 ppm) or 
from the solvent resonance (CDCl3 7.26 ppm, THF-d8 3.58 ppm, acetone-d6 2.05 ppm). 
Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 
 !"#
triplet, q = quartet, br = broad, m = multiplet), coupling constants, and number of protons. 
Decoupled 13C NMR spectra were recorded on Bruker AM-500 (125 MHz), AM-360 (90 
MHz) or AM-300 (75 MHz) spectrometers. IR spectra were taken on a Perkin-Elmer FT-
IR spectrometer using a thin film on NaCl plates or a CH2Cl2 solution. Mass spectra were 
obtained on a low resolution Micromass Platform LC in electrospray mode and high 
resolution VG autospec with an ionization mode of either CI or ES. Melting points were 
obtained on Thomas Scientific Unimelt apparatus and are corrected. Optical rotations 
were measured on a Perkin-Elmer Polarimeter 341 with a sodium lamp and are reported 
as follows 
! 
["]D23 (c g/mL x 100, solvent). 
Preparation of Claisen Substrate Precursors 
 
Ethyl 5-bromo-1H-indole-3-carboxylate (1.1r).  Pyridine (0.30 mL, 3.54 mmol) was 
added to a suspension of 5-bromo-1H-indole ( 650 mg, 2.57 mmol) in anhydrous THF (6 
mL) at 0 °C. A solution of trichloroacetyl chloride (0.40 mL, 3.54 mmol) in THF (6 mL) 
was added dropwise via an addition funnel over 1 h. The reaction mixture was then 
allowed to warm to room temperature to stir for 16 h. The reaction mixture was quenched 
in 1 M HCl, dried over Na2SO4, and concentrated under vacuum. The resulting solid was 
then dissolved in EtOH (54 mL), and aq. KOH (50 % by wt., 0.20 mL) was added. The 
reaction mixture was heated to reflux for 5 h, and then stirred at ambient temperature for 
1 h, followed by concentration under vacuum. The solid was purified by chromatography 






mp 192-193 °C;   1H NMR (500 MHz, CDCl3) ! 8.61 (bs, 1H), 8.34 (d, J = 1.5 Hz, 1H), 
7.91 (d, J = 3.0 Hz, 1H), 7.19 (dd, J = 8.0, 8.0 Hz, 1H), 6.70 (d, J = 8.0 Hz, 1H), 4.42 (q, 
J = 7.0 Hz, 2H), 1.44 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) ! 165.0, 134.9, 
131.9, 127.7, 126.5, 124.6, 115.9, 113.1, 109.3, 60.3, 14.8;  IR (film) 3252, 2927, 2858, 
1730, 1676, 1444, 1375, 1259, 1189, 1089, 1027 cm-1; HRMS (ES) m/z = 265.9817 calcd 
for C11H9BrNO2 [M-H]–, found 265.9822. 
 
Ethyl 7-methyl-1H-indole-3-carboxylate (1.1o). Using the procedure from 1.1r with 7-
methyl-1H-indole, compound 1.1o was obtained in 90% yield as an off-white solid: mp 
156-157 °C; 1H NMR (500 MHz, CDCl3) ! 8.67 (bs, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.92 
(d, J = 2.0 Hz, 1H) 7.19 (dd, J = 8.0, 7.5 Hz, 1H), 7.07 (d, J = 7.5 Hz, 1H), 4.41 (q, J = 
7.0 Hz, 2H), 2.51 (s, 3H), 1.44 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) ! 165.7, 
135.9, 130.8, 125.6, 123.9, 122.4, 120.9, 119.5, 109.8, 60.0, 16.7, 14.8; IR (film) 3275, 
2966, 2927, 1730, 1692, 1444, 1259, 1089, 1027 cm-1; HRMS (ES) m/z = 202.0868 calcd 
for C12H12NO2 [M-H]–, found 202.0858. 
 
Ethyl 7-methoxy-1H-indole-3-carboxylate (1.1q). Using the procedure from 1.1r with 
7-methoxy-1H- indole, compound 1.1q was obtained in 50% yield as a brown solid: mp 
103-104 °C;  1H NMR (500 MHz, CDCl3) ! 9.13 (bs, 1H), 7.89 (d, J = 3.0 Hz, 1H), 7.79 










J = 7.0 Hz, 2H), 3.93 (s, 3H), 1.43 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) ! 
165.8, 146.3, 130.7, 127.4, 126.9, 122.6, 114.1, 109.5, 103.0, 60.0, 55.5, 14.7; IR (film) 
3337, 2966, 1676, 1583, 1473, 1259, 1089, 1035 cm-1; HRMS (ES) m/z = 218.0817 calcd 
for C12H12NO3 [M-H]–, found 218.0822. 
Preparation of MIDA Boronate Alcohol27 
 
  To a solution of alkyne 1.9 (1.00 g, 5.88 mmol) and triisopropyl borate (1.27 g, 
6.76 mmol) in THF (12 mL) at -78 °C was added dropwise n-BuLi (2.5 M in hexane, 
5.75 mmol, 2.3 mL). The reaction was stirred at -78 °C for 45 min and warmed to 
ambient temperature with stirring for 2.5 h. In a separate 2-neck 100 mL flame-dried 
flask equipped with a 25 mL addition funnel and a water-cooled short-path distillation 
apparatus with a thermometer was added N-methyliminodiacetic acid (1.47g, 9.99 mmol) 
and DMSO (12 mL). The solution was stirred at an internal temperature of 115 °C. The 
borate mixture was transferred to the addition funnel via cannula, washing with THF (5 
mL).  To the hot and stirred DMSO solution was added dropwise borate solution at a rate 
necessary to maintain the internal temperature at 110-120 °C. During the addition, THF 
was rapidly distilled. The mixture was then cooled to ambient temperature, treated with 
sodium chloride solution (10%) and extracted with ethyl acetate : methyl tert-butyl ether 
(1:1). The combined organic phases were dried over anhydrous sodium sulfate. The 














1. n-BuLi, (i-PrO)3B, -78 °C





intermediate 1.10 (180 mg). 
 To a solution of MIDA boronate intermediate 1.10 (50 mg, 0.15 mmol) in THF (3 
mL) at ambient temperature was added a solution of HF.pyridine (0.153 mL). The 
reaction was stirred at ambient temperature for 1 h and quenched with water (0.2 mL) and 
NaHCO3 (600 mg). After that, the mixture was stirred for 45 minutes until no gas was 
generated. The resultant mixture was then dried by sodium sulfate and chromatographed 
using 20% acetone/ethyl acetate to afford compound 1.2l (32 mg). The total yield for the 
two-step synthesis is 10 %. 1H NMR (500 MHz, CD3CN) ! 4.17 (s, 2H), 3.98 (d, J = 17.0 
Hz, 2H), 3.85 (d, J = 17.0 Hz, 2H), 3.01 (s, 3H); 13C NMR (125 MHz, CD3CN) ! 168.7, 
62.3, 50.9, 48.6. The 13C NMR signals for two alkynyl carbons were not seen in accord 
with prior reports;33 IR (film) 3388, 2954, 2870, 2205, 1766, 1455, 1337, 1289, 1143, 
1032 cm-1; HRMS (ES) m/z = 234.0550 calcd for C8H10NO5Na [MNa]+, found 234.0558. 
Representative Procedure for Installation of a Propargyl Alcohol to Indole 
Substrates 
 
Methyl 2-((4,4-dimethylpent-2-yn-1-yl)oxy)-1H-indole-3-carboxylate (1.3k). To a 
solution of methyl indole-3-carboxylate (200 mg, 1.14 mmol) in CH2Cl2 (10 mL) cooled 
to 0 °C, 1,4-dimethylpiperazine (0.085 mL, 0.64 mmol) was added and followed by 
recrystallized N-chlorosuccinimide (167 mg, 1.26 mmol). The resultant solution was 
stirred at 0 °C for 3 h.  A solution of the propargyl alcohol (127 mg, 1.14 mmol) and 







cannula to the indole solution.  This mixture was stirred for 12 h at 0 °C, at which time 
the reaction mixture was concentrated and chromatographed on a base-washed SiO2 
column using 15% ethyl ether/hexane to afford 1.3k (131 mg, 0.456 mmol) in 40% yield 
as a white resin: 1H NMR (360 MHz, CDCl3) ! 8.55 (bs, 1H), 8.05 (d, J = 7.9 Hz, 1H), 
7.26-7.16 (m, 3H), 5.03 (s, 2H), 3.92 (s, 3H), 1.19 (s, 9H); 13C NMR (90 MHz, CDCl3) ! 
165.1, 155.8, 129.8, 126.1, 122.33, 122.3, 121.31, 110.5, 99.3, 91.4, 73.1, 62.0, 51.1, 
30.8, 27.8; IR (film) 3236, 2974, 2873, 2248, 1668, 1552, 1468, 1352, 1267, 1205, 1104 
cm-1; HRMS (ES) m/z = 308.1263 calcd for C17H19NO3Na [MNa]+, found 308.1259. 
 
tert-Butyl 2-(prop-2-yn-1-yloxy)-1H-indole-3-carboxylate (1.3a). Following the 
general procedure, compound 1.3a was obtained as a white solid in 30% yield: 1H NMR 
(500 MHz, CDCl3) ! 8.55 (bs, 1H), 8.03 (d, J = 7.0 Hz, 1H), 7.30-7.17 (m, 3H), 5.07 (d, J 
= 2.5 Hz, 2H), 2.58 (t, J = 2.5 Hz, 1H), 1.66 (s, 9H); 13C NMR (125 MHz, CDCl3) ! 
164.1, 155.1, 129.7, 126.0, 122.4, 122.2, 121.5, 110.8, 93.5, 80.5, 78.3, 77.4, 61.7, 28.8; 
IR (film) 3283, 2974, 2124, 1653, 1552, 1468, 1367, 1328, 167, 1213, 1174, 1097 cm-1; 
HRMS (ES) m/z = 294.1106 calcd for C17H19NO3Na [MNa]+, found 294.1104. 
 
tert-Butyl 2-(but-2-yn-1-yloxy)-1H-indole-3-carboxylate (1.3b). Following the general 
procedure, compound 1.3b was obtained as a white solid in 44% yield: 1H NMR (500 












2.4 Hz, 2H), 1.86 (t, J = 2.4 Hz, 3H), 1.65 (s, 9H); 13C NMR (125 MHz, CDCl3) ! 164.2, 
155.6 129.7, 126.2, 122.1, 121.4, 110.6, 100.2, 92.9, 86.2, 80.2, 73.8, 62.0, 28.9, 3.9; IR 
(film) 3221, 2974, 2927, 2240, 1661, 1552, 1468, 1352, 1213, 1174, 1097 cm-1; HRMS 
(ES) m/z = 308.1263 calcd for C17H19NO3Na [MNa]+, found 308.1266. 
 
Methyl 2-(prop-2-yn-1-yloxy)-1H-indole-3-carboxylate (1.3c). Following the general 
procedure, compound 1.3c was obtained as a white resin in 45% yield: 1H NMR (500 
MHz, CDCl3) ! 8.31 (bs, 1H), 8.05 (d, J = 7.0 Hz, 1H), 7.30-7.19 (m, 3H), 5.13 (d, J = 
2.5 Hz, 2H), 3.93 (s, 3H), 2.62 (t, J = 2.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) ! 165.2, 
155.4, 129.8, 125.9, 122.6, 122.4, 121.3, 110.9, 91.7, 78.0, 77.6, 61.7, 51.23; IR (film) 
3283, 2950, 2132, 1676, 1552, 1468, 1344, 1267, 1205, 1104 cm-1. HRMS (ES) m/z = 
252.0637 calcd for C13H11NO3Na [MNa]+, found 252.0634. 
 
Methyl 2-(but-2-yn-1-yloxy)-1H-indole-3-carboxylate (1.3d). Following the general 
procedure, compound 1.3d was obtained as a white resin in 47% yield: 1H NMR (500 
MHz, CDCl3) ! 8.37 (bs, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.26-7.15 (m, 3H), 5.04 (q, J = 
2.5 Hz, 2H), 3.92(S, 3H), 1.87 (t, J = 2.4 Hz, 5H); 13C NMR (125 MHz, THF-d8) ! 163.5, 
155.3, 129.9, 126.0, 120.7, 120.5, 120.3, 109.8, 90.0, 83.5, 73.3, 60.9, 49.0, 1.8; IR (film) 
3229, 2950, 2240, 1668, 1552, 1468, 1344, 1267, 1213, 1097 cm-1; HRMS (ES) m/z = 













Methyl 2-((3-phenylprop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate (1.3e). Following 
the general procedure, compound 1.3e was obtained as a colorless oil in 28% yield: 1H 
NMR (500 MHz, CDCl3) ! 9.02 (bs, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.36-7.19 (m, 8H), 
5.29 (s, 2H), 3.95 (s, 1H); 13C NMR (125 MHz, CDCl3) ! 165.4, 155.7, 132.0, 129.9, 
129.2, 128.6, 126.0, 122.4, 122.3, 121.9, 121.3, 110.9, 91.5, 89.3, 83.1, 62.4, 51.2; IR 
(film) 3233, 2950, 2235, 1670, 1550, 1468, 1345, 1205, 1103, 1018 cm-1; HRMS (ES) 
m/z = 328.0950 calcd for C19H15NO3Na [MNa]+, found 328.0948. 
 
Methyl 2-((3-(o-tolyl)prop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate (1.3f). Following 
the general procedure, compound 1.3f was obtained as a colorless oil in 31% yield:  1H 
NMR (500 MHz, CDCl3) ! 8.77 (bs, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.33 (d, J = 7.5 Hz, 
1H), 7.27-7.14 (m, 5H), 7.10 (t, J = 6.5 Hz, 1H), 5.36 (s, 2H), 3.94 (s, 3H), 2.27(s, 3H); 
13C NMR (125 MHz, CDCl3) ! 165.3, 155.7, 140.7, 132.4, 129.8, 129.7, 129.3, 126.0, 
125.8, 122.5, 122.3, 121.6, 121.3, 110.7, 91.7, 88.3, 86.8, 62.4, 51.2, 20.7; IR (film) 
3227, 2949, 2221, 1671, 1551, 1472, 1343, 1210, 1101, 1010 cm-1; HRMS (ES) m/z = 
320.1287 calcd for C20H18NO3 [MH]+, found 320.1281. 
 
















Following the general procedure, compound 1.3g was obtained as a colorless resin in 
15% yield: 1H NMR (500 MHz, CDCl3) ! 9.09 (bs, 1H), 8.05 (d, J = 7.5 Hz, 1H), 7.54 (d, 
J = 8.0 Hz, 1H), 7.38 (d, J = 7.7 Hz, 1H), 7.28-7.16 (m, 5H), 5.31 (s, 2H), 3.94 (s, 3H); 
13C NMR (125 MHz, CDCl3) ! 165.3, 155.6, 133.9, 132.6, 130.5, 130.0, 127.4, 125.9, 
125.7, 123.9, 122.4, 122.3, 121.3, 110.8, 91.5, 87.9, 87.6, 61.9, 51.2; IR (film) 3253, 
2954, 2233, 1671, 1550, 1466, 1344, 1204, 1104, 1017 cm-1; HRMS (ES) m/z = 406.0055 
calcd for C19H14NO3NaBr [MNa]+, found 406.0051. 
 
Methyl 2-((3-(naphthalen-1-yl)prop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate (1.3h). 
Following the general procedure, compound 1.3h was obtained as a colorless resin in 
17% yield: 1H NMR (500 MHz, CDCl3) ! 8.48 (bs, 1H), 8.10 (d, J = 7.5 Hz, 1H), 7.92 (d, 
J = 8.4 Hz, 1H), 7.82 (t, J = 8.5 Hz, 1H), 7.61 (d, J = 7.2 Hz, 1H), 7.46 (t, J = 7.0 Hz, 
1H), 7.39 (t, J = 7.3 Hz, 1H), 7.29-7.19 (m, 5H), 5.51 (s, 2H), 3.96 (s, 3H); 13C NMR 
(125 MHz, CDCl3) ! 165.4, 155.6, 133.3, 133.2, 130.9, 129.9, 129.7, 128.4, 127.2, 126.7, 
126.1, 125.9, 125.2, 122.5, 122.3, 121.4, 119.5, 110.9, 92.0, 87.9, 87.5, 62.6, 51.2; IR 
(film) 3245, 3061, 2225, 1671, 1549, 1466, 1333, 1205, 1102 cm-1; HRMS (ES) m/z = 
378.1106 calcd for C23H17NO3Na [MNa]+, found 378.1106. 
 
Methyl 2-((3-(2-methoxyphenyl)prop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate (1.3i). 











difficulty in separating compound 1.3i from the methylindole-3-carboxylate and the 
instability of this material at ambient temperature, the isolated yield was calculated from 
the mixture of compound 1.3i and methylindole-3-carboxylate (1.4:1). As the 
consequence, compound 1.3i was only assessed by 1H NMR experiment and mass 
spectrum. 1H NMR (500 MHz, THF-d8) ! 7.99-7.97 (m, 1H), 7.25 (d, J = 7.5 Hz, 1H), 
7.21-7.05 (m, 4H), 6.90 (d, J = 7.8 Hz, 1H), 6.81 (t, J = 8.3 Hz, 1H), 5.36 (s, 2H), 3.82 (s, 
3H), 3.68 (s, 3H); HRMS (ES) m/z = 358.1055 calcd for C20H17NO4Na [MNa]+, found 
358.1055. 
 
Methyl 2-((3-(trimethylsilyl)prop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate (1.3j). 
Following the general procedure, compound 1.3j was obtained as a white resin in 26% 
yield: 1H NMR (360 MHz, CDCl3) ! 8.48 (bs, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.27-7.17 
(m, 3H), 5.06 (s, 2H), 3.93 (s, 3H), 0.16 (s, 9H); 13C NMR (90 MHz, CDCl3) ! 165.0, 
155.3, 129.7, 126.0, 122.6, 122.4, 121.5, 110.6, 99.5, 95.7, 91.8, 62.5, 51.2, -0.2; IR 
(film) 3236, 2958, 2186, 1668, 1552, 1468, 1344, 1251, 1205, 1104, 1035 cm-1; HRMS 





















0.35 mmol) in CH2Cl2 (2 mL) cooled to 0 °C, 1,4-dimethylpiperazine (0.026 mL, 0.20 
mmol) was added, followed by recrystallized N-chlorosuccinimide (58 mg, 0.44 mmol). 
The resultant solution was stirred at 0 °C for 3 h. A solution of the propargyl alcohol (30 
mg, 0.14 mmol) and trichloroacetic acid (14 mg, 0.08 mmol) in THF (0.5 mL) at 0 °C 
was transferred via cannula to the indole solution.  This mixture was stirred for 12 h at 0 
°C, at which time the reaction mixture was concentrated and chromatographed on a base-
washed SiO2 column using 80% ethyl acetate/hexane to afford 1.3l (46 mg, 0.12 mmol) in 
90% yield as a white resin; 1H NMR (500 MHz, acetone-d6) ! 7.99-7.97 (m, 1H), 7.33-
7.91 (m, 1H), 7.16-7.11 (m, 2H), 5.21 (s, 2H), 4.21 (d, J = 17.0 Hz, 2H), 3.94 (d, J = 17.0 
Hz, 2H), 3.84 (s, 3H), 2.94 (s, 3H); 13C NMR (125 MHz, acetone-d6) ! 168.4, 165.1, 
156.3, 131.2, 127.1, 122.7, 122.4, 121.6, 111.8, 91.7, 62.27, 62.25, 50.8, 48.2. The 13C 
NMR signals for two alkynyl carbons were not seen in accord with prior reports;8 IR 
(film) 3222, 2945, 2200, 1773, 1694, 1562, 1469, 1350, 1271, 1113, 1034 cm-1; HRMS 
(ES) m/z = 407.1027 calcd for C18H17BN2O7Na [MNa]+, found 407.1033. 
 
Methyl 2-((3-(tert-butyldimethylsilyl)prop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate 
(1.3m). Following the general procedure, compound 1.3m was obtained as a white solid 
in 43% yield: mp 128-129 °C;  1H NMR (500 MHz, CDCl3) ! 8.83 (bs, 1H), 8.06 (d, J = 
7.5 Hz, 1H), 7.26-7.17 (m, 3H), 5.07 (s, 2H), 3.94 (s, 3H), 0.86 (s, 9H), 0.08 (s, 6H); 13C 
NMR (125 MHz, CDCl3) ! 165.2, 155.5, 129.8, 125.9, 122.4, 122.3, 121.3, 110.7, 100.0, 







1468, 1259, 1097, 1027 cm-1; HRMS (ES) m/z = 344.1682 calcd for C19H26NO3Si [MH]+, 
found 344.1690.  
 
Ethyl 2-((3-(tert-butyldimethylsilyl)prop-2-yn-1-yl)oxy)-7-methoxy-1H-indole-3-
carboxylate (1.3n). Following the general procedure, compound 1.3n was obtained as a 
white solid in 50% yield: mp 98-99 °C;  1H NMR (500 MHz, CDCl3) ! 8.94 (bs, 1H), 8.06 
(d, J = 7.5 Hz, 1H), 7.26-7.16 (m, 3H), 5.07 (s, 2H), 3.94 (s, 3H), 0.93 (t, J = 8 Hz, 9H), 
0.58 (q, J = 8.0 Hz, 6H); 13C NMR (125 MHz, CDCl3) ! 165.3, 155.6, 129.9, 125.9, 
122.4, 122.3, 121.2, 110.7, 100.4, 93.3, 91.5, 62.1, 51.4, 7.46, 4.21; IR (film) 3259, 2958, 
2881, 2186, 1668, 1552, 1468, 1205, 1104, 1012 cm-1; HRMS (ES) m/z = 344.1682 calcd 
for C19H26NO3Si [MH]+, found 344.1699. 
 
Ethyl 2-((3-(tert-butyldimethylsilyl)prop-2-yn-1-yl)oxy)-7-methyl-1H-indole-3-
carboxylate (1.3o). Following the general procedure, compound 1.3o was obtained as a 
white solid in 31% yield: mp 117-118 °C; 1H NMR (500 MHz, CDCl3) ! 8.55 (bs, 1H), 
7.90 (d, J = 8.0 Hz, 1H), 7.15 (dd, J = 8.0, 7.0 Hz, 1H), 7.00 (d, J = 7.0 Hz, 1H), 5.08 (s, 
2H), 4.40 (q, J = 7 Hz, 2H), 2.41 (s, 3H), 1.45 (t, J = 7 Hz, 3H), 0.87 (s, 9H), 0.09 (s, 
6H); 13C NMR (125 MHz, CDCl3) ! 164.8, 155.4, 129.2, 125.6, 123.2, 122.4, 119.7, 
119.2, 100.3, 93.7, 92.5, 62.4, 59.8, 26.1, 16.5 (2C), 14.8, -4.8; IR (film) 3229, 2958, 













for C21H28NO4Si [M-H]–, found 370.1855. 
 
Ethyl 2-((3-(tert-butyldimethylsilyl)prop-2-yn-1-yl)oxy)-5-methoxy-1H-indole-3-
carboxylate (1.3p). Following the general procedure, compound 1.3p was obtained as a 
white solid in 39% yield: mp 145-146 °C; 1H NMR (500 MHz, CDCl3) ! 8.37 (bs, 1H), 
7.60 (d, J = 2.0 Hz, 1H), 7.10 (d, J = 9.0 Hz, 1H), 6.82 (dd, J = 2.0, 9.0 Hz, 1H), 5.05 (s, 
2H), 4.39 (q, J = 7.0 Hz, 2H), 3.87 (s, 3H), 1.44 (t, J = 7.0 Hz, 3H), 0.87 (s, 9H), 0.08 (s, 
6H); 13C NMR (125 MHz, CDCl3) ! 164.7, 156.0, 155.5, 126.9, 124.3, 111.8, 111.4, 
104.2, 100.2, 94.0, 92.2, 62.4, 59.8, 55.9, 26.1, 16.6, 14.8, -4.7; IR (film) 3213, 2935, 
2858, 2186, 1653, 1468, 1352, 1205, 1166, 1104, 1043 cm-1; HRMS (ES) m/z = 388.1944 
calcd for C21H30NO4Si [MH]+, found 388.1934. 
 
Ethyl 2-((3-(tert-butyldimethylsilyl)prop-2-yn-1-yl)oxy)-7-methoxy-1H-indole-3-
carboxylate (1.3q). Following the general procedure, compound 1.3q was obtained as a 
white solid in 16% yield: mp 107-108 °C;  1H NMR (500 MHz, CDCl3) ! 8.79 (bs, 1H), 
7.62 (d, J = 8.0 Hz, 1H), 7.12 (dd, J = 8.0, 8.0 Hz, 1H), 6.65 (d, J = 8.0 Hz, 1H), 5.03 (s, 
2H), 4.37 (q, J = 7.5 Hz, 2H), 3.90 (s, 3H), 1.41 (t, J = 7.5 Hz, 3H), 0.86 (s, 9H), 0.08 (s, 
6H); 13C NMR (125 MHz, CDCl3) ! 164.8, 154.9, 145.4, 127.1, 122.6, 119.8, 114.0, 
102.8, 100.2, 94.2, 92.5, 62.1, 59.8, 55.5, 26.1, 16.5, 14.8, -4.8; IR (film) 3244, 2935, 














C21H28NO4Si [M-H]–, found 386.1796. 
 
Ethyl 5-bromo-2-((3-(tert-butyldimethylsilyl)prop-2-yn-1-yl)oxy)-1H-indole-3-
carboxylate (1.3r). Following the general procedure, compound 1.3r was obtained as a 
light gray solid in 28% yield: mp 155-156 °C; 1H NMR (500 MHz, CDCl3) ! 8.72 (bs, 
1H), 8.15 (d, J = 2.0 Hz, 1H), 7.25 (dd, J = 8.5, 2.0 Hz, 1H), 7.07 (d, J = 8.5 Hz, 1H), 
5.05 (s, 2H), 4.37 (q, J = 7.0 Hz, 2H), 1.42 (t, J = 7 Hz, 3H), 0.82 (s, 9H), 0.04 (s, 6H); 
13C NMR (125 MHz, CDCl3) ! 164.4, 155.9, 128.4, 127.7, 125.3, 124.1, 115.7, 112.1, 
99.7, 94.4, 91.8, 62.2, 60.1, 26.1, 16.5, 14.8, -4.8; IR (film) 3221, 2958, 2858, 2186, 
1668, 1552, 1475, 1328, 1251, 1205, 1104, 1027 cm-1; HRMS (ES) m/z = 458.0763 calcd 
for C20H26BrNO3SiNa [MNa]+, found 458.0781. 
 
Methyl 2-((3-(triisopropylsilyl)prop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate (1.3s). 
Following the general procedure, compound 1.3s was obtained as a white solid in 59% 
yield: mp 92-93 °C;  1H NMR (500 MHz, CDCl3) ! 9.56 (bs, 1H), 8.09 (d, J = 8.0 Hz, 
1H), 7.27–7.17 (m, 3H), 5.12 (s, 2H), 3.97 (s, 3H), 1.12-0.88 (m, 21H); 13C NMR (125 
MHz, CDCl3) ! 165.6, 155.6, 130.1, 125.9, 122.12, 122.07, 121.0, 110.8, 100.8, 91.9, 
91.2, 61.6, 51.1, 18.5, 11.1; IR (film) 3259, 2950, 2866, 2178, 1668, 1552, 1460, 1344, 















Ethyl 2-((3-(triisopropylsilyl)prop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate (1.3t). 
Following the general procedure, compound 1.3t was obtained as a white solid in 40% 
yield: mp 93-94 °C; 1H NMR (500 MHz, CDCl3) ! 9.03 (bs, 1H), 8.05 (d, J = 7.5 Hz, 
1H), 7.24–7.17 (m, 3H), 5.11 (s, 2H), 4.41 (q, J = 7 Hz, 2H), 1.45 (t, J = 7 Hz, 3H), 1.09-
0.86 (m, 21H); 13C NMR (125 MHz, CDCl3) ! 164.9, 155.5, 129.9, 125.9, 122.2, 122.1, 
121.2, 110.6, 101.1, 92.0, 91.7, 61.9, 59.8, 18.6, 14.7, 11.1; IR (film) 3244, 2943, 2866, 
2178, 1668, 1552, 1460, 1375, 1274, 1205, 1097, 1020 cm-1; HRMS (ES) m/z = 422.2127 
calcd for C23H33NO3SiNa [MNa]+, found 422.2125. 
 
2,2,2-Trifluoroethyl 2-((3-(triisopropylsilyl)prop-2-yn-1-yl)oxy)-1H-indole-3-
carboxylate  (1.3u). Following the general procedure, compound 1.3u was obtained as a 
white solid in 26% yield: mp 97-98 °C;  1H NMR (500 MHz, CDCl3) ! 8.90 (bs, 1H), 8.00 
(d, J = 8.0 Hz, 1H), 7.29-7.21 (m, 3H), 5.08 (s, 2H), 4.73 (q, J = 8.5 Hz, 2H), 1.06-0.98 
(m, 21H); 13C NMR (125 MHz, CDCl3) ! 162.7, 156.6, 129.9, 125.5, 123.8 (q, J = 275.1 
Hz, 1C), 122.9, 122.8, 121.2, 110.7, 100.6, 93.1, 90.1, 61.8, 59.9 (q, J = 35 Hz, 1C), 18.6, 
11.2; IR (film) 3267, 2950, 2873, 2178, 1684, 1552, 1460, 1282, 1166, 1104, 1022 cm-1; 


















Benzyl 2-((3-(triisopropylsilyl)prop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate (1.3v). 
Following the general procedure, compound 1.3v was obtained as a white resin in 16% 
yield: 1H NMR (500 MHz, CDCl3) ! 8.60 (bs, 1H), 8.03 (d, J = 7.9 Hz, 1H), 7.49 (d, J = 
7.2 Hz, 2H), 7.40-7.31 (m, 3H), 7.21-7.15 (m, 3H), 5.40 (s, 2H), 5.09(s, 2H), 1.05-0.95 
(m, 21H); 13C NMR (125 MHz, CDCl3) ! 164.4, 155.7, 137.0, 129.7, 128.7, 128.2,   
128.1, 125.9, 122.4, 122.3, 121.5, 110.5, 101.2, 92.4, 91.7, 65.6, 62.1, 18.6, 11.2; IR 
(film) 3259, 2946, 2865, 2173, 1670, 1550, 1461, 1343, 1203, 1090, 1021 cm-1; HRMS 
(ES) m/z = 484.2284 calcd for C28H35NO3NaSi [MNa]+, found 484.2292. 
 
Ethyl 7-methyl-2-((3-(triisopropylsilyl)prop-2-yn-1-yl)oxy)-1H-indole-3-carboxylate 
(1.3w). Following the general procedure, compound 1.3w was obtained as a white solid 
in 18% yield: mp 104-105 °C; 1H NMR (300 MHz, CDCl3) ! 8.40 (bs, 1H), 7.89 (d, J = 
7.8 Hz, 1H), 7.13 (dd, J = 7.8, 5.5 Hz, 1H), 6.99 (d, J = 7.5 Hz, 1H), 5.14 (s, 2H), 4.39 (q, 
J = 7.2 Hz, 2H), 2.42 (s, 3H), 1.44 (t, J = 7.2 Hz, 3H), 1.08-0.93 (m, 21H); 13C NMR (75 
MHz, CDCl3) ! 164.8, 155.3, 129.1, 125.7, 123.2, 122.4, 119.6, 119.2, 101.4, 92.7, 91.8, 
62.4, 59.8, 18.7, 16.5, 14.8, 11.4; IR (film) 3229, 2943, 2866, 2178, 1668, 1552, 1468, 
1313, 1274, 1213, 1097, 1020 cm-1;HRMS (ES) m/z = 436.2284 calcd for C24H35NO3SiNa 
















carboxylate (1.3x). Following the general procedure, compound 1.3x was obtained as a 
white solid in 12% yield: mp 109-111 °C;  1H NMR (500 MHz, CDCl3) ! 8.48 (bs, 1H), 
7.59 (d, J = 2.5 Hz, 1H), 7.08 (d, J = 8.5 Hz, 1H), 6.81 (dd, J = 8.5, 2.5 Hz, 1H), 5.08 (s, 
2H), 4.39 (q, J = 7.5 Hz, 2H), 3.87 (s, 3H), 1.44 (t, J = 7.5 Hz, 3H), 1.08-0.97 (m, 21H); 
13C NMR (125 MHz, CDCl3) ! 164.7, 155.9, 155.6, 127.0, 124.4, 111.7, 111.3, 104.2, 
101.3, 92.2, 92.1, 62.1, 59.8, 55.9, 18.7, 14.8, 11.1; IR (film) 3205, 2943, 2866, 2178, 
1653, 1483, 1352, 1282, 1205, 1166, 1035 cm-1; HRMS (ES) m/z = 452.2233 calcd for 
C24H35NO4SiNa [MNa]+, found 452.2234. 
 
Ethyl 7-methoxy-2-((3-(triisopropylsilyl)prop-2-yn-1-yl)oxy)-1H-indole-3-
carboxylate (1.3y). Following the general procedure, compound 1.3y was obtained as a 
colorless oil in 31% yield: 1H NMR (500 MHz, CDCl3) ! 8.81 (bs, 1H), 7.63 (d, J = 8.5 
Hz, 1H), 7.13 (dd, J = 8.5, 8.0 Hz, 1H), 6.65 (d, J = 8.0 Hz, 1H), 5.09 (s, 2H), 4.39 (q, J = 
7.0 Hz, 2H), 3.91 (s, 3H), 1.43 (t, J = 7.0 Hz, 3H), 1.10-0.94 (m, 21H); 13C NMR (125 
MHz, CDCl3) ! 164.5, 154.6, 145.1, 126.9, 122.3, 119.5, 113.7, 102.5, 100.9, 92.2, 92.0, 
61.8, 59.5, 55.1, 18.8, 14.5, 10.9; IR (film) 3244, 2943, 2866, 2178, 1676, 1552, 1468, 
1367, 1282, 1213, 1097, 1020 cm-1; HRMS (ES) m/z = 452.2233 calcd for 
















(1.3z). Following the general procedure, compound 1.3z was obtained as a light gray 
solid in 28% yield: mp 119-120 °C;  1H NMR (500 MHz, CDCl3) ! 8.91 (bs, 1H), 8.16 (d, 
J = 2.0 Hz, 1H), 7.26 (dd, J = 8.5, 2.0 Hz, 1H), 7.07 (d, J = 8.5 Hz, 1H), 5.10 (s, 2H), 
4.40 (q, J = 7.0 Hz, 2H), 1.44 (t, J = 7 Hz, 3H), 1.07-0.93 (m, 21H); 13C NMR (125 MHz, 
CDCl3) ! 164.4, 155.9, 128.4, 127.7, 125.2, 124.0, 115.7, 112.1, 100.7, 92.6, 91.7, 61.9, 
60.1, 18.6, 14.7, 11.2; IR (film) 3229, 2943, 2866, 2178, 1668, 1552, 1468, 1328, 1251, 
1205, 1097, 1027 cm-1; HRMS (ES) m/z = 500.1233 calcd for C23H32BrNO3SiNa [MNa]+, 
found 500.1226. 
General Procedure for Preparing Catalysts 
Pd[(R)-BINAP](SbF6)2 
 
To a flask of Pd[(R)-BINAP]Cl2 (4 mg, 0.005 mmol) in CH2Cl2 (0.5 mL) was added a 
solution of AgSbF6 (3.3 mg, 0.0095 mmol) in CH2Cl2 (0.5 mL). The resulting solution 
was stirred in the absence of light for 3 h, and filtered through a PTFE filter to remove 
the precipitated AgCl.  The resulting clear yellow solution was concentrated to afford 

















To a flask of Pd[(S)-t-BuPHOX]Cl2 (2.8 mg, 0.005 mmol) in CH2Cl2 (0.5 mL) was added 
a solution of AgSbF6 (3.3 mg, 0.0095 mmol) in CH2Cl2 (0.5 mL). The resulting solution 
was stirred in the absence of light for 3 h, and filtered through a PTFE filter to remove 
the precipitated AgCl.  The resulting clear yellow solution was concentrated to afford 
Pd[(S)-t-BuPHOX](SbF6)2 as a light yellow solid in 100% yield. 
General Procedure for the Asymmetric Saucy-Marbet Claisen Rearrangement 
 
(R)-Ethyl 3-(1-(tert-butyldimethylsilyl)propa-1,2-dien-1-yl)-5-methoxy-2-
oxoindoline-3-carboxylate (1.4p). To a solution of the Pd[(R)-BINAP](SbF6)2 complex 
(12 mg, 0.01 mmol, 20 mol%) in C6H5Cl (1 mL) was added a solution of 1.3p ( 19.4 mg, 
0.05 mmol) in toluene (1 mL) at ambient temperature.  The resulting solution was stirred 
in the absence of light at room temperature until the starting material was completely 
consumed, as determined by TLC.  Filtration through a plug of SiO2 (5 mm x 2 cm) with 
ethyl ether, concentration of the solution and purification by column chromatography 
using 50% ethyl ether/hexane afforded 1.4p as a white resin in 82% yield: mp 136-137 
°C; 
! 
["]D23+158.18 (c 0.17, 93% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 7.92 (bs, 1H), 
6.89 (d, J = 2.0 Hz, 1H), 6.79-6.74 (m, 2H), 4.60 (d, J = 11.5 Hz, 1H), 4.41 (d, J = 11.5 
Hz, 1H), 4.22 (qd, J = 7.5, 11.0 Hz, 1H), 4.13 (qd, J = 7.5, 11.0 Hz, 1H), 3.78 (s, 3H), 
1.23 (t, J = 7.5 Hz, 3H), 0.92 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H); 13C NMR (125 MHz, 








62.4, 56.1, 27.6, 19.4, 14.2, -4.0, -4.2; IR (film) 3252, 2958, 2858, 1931, 1746, 1622, 
1468, 1259, 1089, 1027 cm-1; HRMS (ES) m/z = 386.1788 calcd for C21H28NO4Si [M-H]–, 
found 386.1776; CSP HPLC (Chiralpak IA, 1 mL/min, 95:5 hexanes: i-PrOH) tR(1) = 
14.0 min, tR(2) = 21.6 min. 
 
(S)-tert-Butyl 2-oxo-3-(propa-1,2-dien-1-yl)indoline-3-carboxylate (1.4a). Following 
the general procedure, using Pd(t-BuPHOX)(SbF6)2 catalyst and CH2Cl2 as the solvent, 
compound 1.4a was obtained as a white solid in 100% yield: mp 140-141 °C;  1H NMR 
(500 MHz, CDCl3) ! 8.78 (bs, 1H), 7.31-7.24 (m, 2H) 7.04 (t, J = 7.5 Hz, 1H), 6.94 (d, J 
= 8.0 Hz, 1H), 5.79 (t, J = 6.5 Hz, 1H) 4.87 (dd, 11.5, 6.5 Hz, 1H), 4.77 (dd, 11.5, 6.5 Hz, 
1H), 1.38 (s, 9H); 13C NMR (125 MHz, CDCl3) ! 208.5, 175.3, 167.1, 141.3, 129.2, 
128.5, 125.0, 122.7, 110.3, 89.2, 83.3, 79.3, 60.2, 27.9; IR (film) 3221, 2927, 2858, 1962, 
1668, 1738, 1622, 1468, 1259, 1159 cm-1; HRMS (ES) m/z = 294.1106 calcd for 
C16H17NO3Na [MNa]+, found 294.1100; CSP HPLC (Chiralpak AS, 1.0 mL/min, 90:10 
hexanes: i-PrOH) tR(1) = 18.3 min, tR(2) = 26.8 min. 
 
 (S)-tert-Butyl 3-(buta-2,3-dien-2-yl)-2-oxoindoline-3-carboxylate (1.4b). 
Following the general procedure, using Pd(t-BuPHOX)(SbF6)2 catalyst and CH2Cl2 as the 
solvent at 0 °C, compound 1.4b was obtained as a white solid in 100% yield: mp 119-120 












7.5, 1.0 Hz, 1H), 7.03 (td, J = 7.5, 1.0 Hz, 1H), 6.86 (d, J = 7.5 Hz, 1H), 4.77 (dq, J = 
10.5, 3.0 Hz, 1H), 4.59 (dq, J = 10.5, 3.0 Hz, 1H), 1.90 (t, J = 3 Hz, 3H), 1.42 (s, 9H); 13C 
NMR (125 MHz, CDCl3) ! 207.8, 175.3, 166.9, 141.3, 129.2, 128.0, 125.9, 122.4, 110.2, 
97.6, 83.1, 77.8, 63.2, 27.9, 15.6; IR (film) 3213, 2927, 2858, 1962, 1738, 1622, 1475, 
1259 cm-1; HRMS (ES) m/z = 308.1263 calcd for C17H19NO3Na [MNa]+, found 308.1263; 
CSP HPLC (Chiralpak AS, 1.0 mL/min, 96.5:3.5 hexanes: i-PrOH) tR(1) = 17.6 min, tR(2) 
= 21.9 min. 
 
(S)-Methyl 2-oxo-3-(propa-1,2-dien-1-yl)indoline-3-carboxylate (1.4c). Following the 
general procedure, using Pd[(S)-t-BuPHOX](SbF6)2 catalyst and CH2Cl2 as the solvent at 
0 °C, compound 1.4c was obtained as a white solid in 100% yield: mp 128-129 °C; 
! 
["]D23 
+2.85 (c 0.175, 14% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 8.82 (bs, 1H), 7.30-7.26 
(m, 2H) 7.06 (td, J = 7.5, 1.0 Hz, 1H), 6.95 (d, J = 7.5, 1H), 5.82 (t, J = 6.5 Hz, 1H), 4.91 
(dd, J = 11.5, 6.5 Hz, 1H), 4.79 (dd, J = 11.5, 6.5 Hz, 1H), 3.73 (s, 3H); 13C NMR (125 
MHz, CDCl3) ! 208.5, 174.9, 168.8, 141.1, 129.5, 127.8, 125.4, 122.9, 110.5, 83.1, 79.7, 
59.2, 53.7; IR (film) 3252, 2935, 2889, 1962, 1746, 1475, 1244, 1189 cm-1; HRMS (ES) 
m/z = 230.0187 calcd for C13H12NO3 [MH]+, found 230.0818; CSP HPLC (Chiralpak AD, 
0.75 mL/min, 92.5:7.5 hexanes: i-PrOH) tR(1) = 20.5 min, tR(2) = 22.5 min. 
 












general procedure, using Pd[(S)-t-BuPHOX](SbF6)2 catalyst and CH2Cl2 as the solvent at 
0 °C, compound 1.4d was obtained as a white solid in 100% yield: 
! 
["]D23+26.67 (c 0.075, 
45% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 7.66 (bs, 1H), 7.33 (d, J = 7.5 Hz, 1H), 
7.26 (td, J = 7.5, 1.5 Hz, 1H), 7.05 (td, J = 7.5, 1.0 Hz, 1H), 6.87 (d, J = 7.5 Hz, 1H), 4.80 
(dq, J = 11.0, 3.0 Hz, 1H), 4.64 (dd, J = 11.5, 3.0 Hz, 1H), 3.75 (s, 3H), 1.89 (t, J = 3.0 
Hz, 3H); 13C NMR (125 MHz, CDCl3) ! 207.9, 173.9, 168.5, 140.8, 129.5, 127.6, 126.4, 
122.8, 109.9, 97.5, 78.1, 62.4, 53.5, 15.5; IR (film) 3252, 3066, 2935, 2858, 1962, 1738, 
1622, 1475, 1437, 1236, 1189 cm-1; HRMS (ES) m/z = 266.0793 calcd for C14H13NO3Na 
[MNa]+, found 266.0791; CSP HPLC (Chiralpak AD, 1.0 mL/min, 96.5:3.5 hexanes: i-
PrOH) tR(1) = 23.7 min, tR(2) = 26.7 min. 
 
(S)-Methyl 2-oxo-3-(1-phenylpropa-1,2-dien-1-yl)indoline-3-carboxylate (1.4e). 
Following the general procedure, the reaction with 5 mol% Pd[(S)-t-BuPHOX](SbF6)2 
catalyst and CH2Cl2 as the solvent  was  conducted at -78 °C and slowly warmed to -15 
°C. Compound 1.4e was obtained as a white solid in 96% yield: mp 149-150 °C; 
! 
["]D23
+98.57 (c 0.14, 78% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 9.21 (bs, 1H), 7.42-7.39 
(m, 2H), 7.36 (d, J = 7.5, Hz, 1H), 7.26-7.17 (m, 4H), 7.02 (td, J = 7.6, 1.0 Hz, 1H), 6.87 
(d, J = 7.8 Hz, 1H), 5.11 (d, J = 12.5 Hz, 1H), 5.02 (d, J = 12.5 Hz, 1H), 3.69 (s, 3H); 13C 
NMR (125 MHz, CDCl3) ! 210.0, 175.0, 168.6, 141.2, 133.9, 129.6, 128.4, 127.96, 
127.91, 127.5, 126.3, 122.9, 110.5, 104.9, 80.3, 62.8, 53.5; IR (film) 3283, 3073, 2934, 







C19H15NO3Na [MNa]+, found 328.0944; CSP HPLC (Chiralpak IA, 1.0 mL/min, 90:10 
hexanes: i-PrOH) tR(1) = 16.47 min, tR(2) = 26.69 min. 
 
(S)-Methyl 2-oxo-3-(1-(o-tolyl)propa-1,2-dien-1-yl)indoline-3-carboxylate (1.4f). 
Following the general procedure, the reaction with 5 mol% Pd[(S)-t-BuPHOX](SbF6)2 
catalyst and CH2Cl2 as the solvent  was  conducted at -78 °C and slowly warmed to -15 
°C. Compound 1.4f was obtained as a white solid in 95% yield: mp 140-141 °C ; 
! 
["]D23
+58.50 (c 0.4, 98% ee, CH2Cl2);  1H NMR (500 MHz, CDCl3) ! 8.70 (bs, 1H), 7.22-7.18 
(m, 3H), 7.10-7.09 (m, 2H), 7.03-7.00 (m, 1H), 6.95 (t, J = 7.5, Hz, 1H), 6.85 (d, J = 7.7 
Hz, 1H), 4.98 (d, J = 12.0 Hz, 1H), 4.95 (d, J = 12.0 Hz, 1H), 3.71 (s, 3H), 2.20 (s, 3H); 
13C NMR (125 MHz, CDCl3) ! 208.5, 174.4, 168.3, 141.1, 137.7, 133.5, 130.4, 129.5, 
128.7, 127.9, 127.5, 126.4, 125.8, 122.7, 110.2, 101.2, 78.4, 63.6, 53.4, 20.2; IR (film) 
3268, 2954, 1949, 1742, 1613, 1477, 1235, 1106 cm-1; HRMS (ES) m/z = 342.1106 calcd 
for C20H17NO3Na [MNa]+, found 342.1105; CSP HPLC (Chiralpak IA, 1.0 mL/min, 90:10 
hexanes: i-PrOH) tR(1) = 10.65 min, tR(2) = 14.33 min. 
 
(S)-Methyl 3-(1-(2-bromophenyl)propa-1,2-dien-1-yl)-2-oxoindoline-3-carboxylate 














BuPHOX](SbF6)2 catalyst and CH2Cl2 as the solvent  was  conducted at -78 °C and 
slowly warmed to -15 °C. Compound 1.4g was obtained as a white resin in 93% yield: 
! 
["]D23+44.44 (c 0.315, 96% ee, CH2Cl2);  1H NMR (500 MHz, CDCl3) ! 9.10 (bs, 1H), 
7.55 (dd, J = 7.7, 1.6 Hz, 1H), 7.48 (dd, J = 8.0, 1.2 Hz, 1H), 7.26-7.14 (m, 3H), 7.06 (td, 
J = 7.5, 1.7 Hz, 1H), 6.94 (t, J = 7.7 Hz, 1H), 6.86 (d, J = 7.5 Hz, 1H), 5.07 (d, J = 12.0 
Hz, 1H), 5.02 (d, J = 12.0 Hz, 1H), 3.68 (s, 3H); 13C NMR (125 MHz, CDCl3) ! 209.4, 
174.7, 168.4, 141.4, 135.2, 132.9, 130.6, 129.6, 129.4, 127.4, 127.1, 126.5, 125.9, 122.6, 
110.3, 101.9, 79.8, 62.5, 53.4; IR (film) 3272, 3062, 2954, 1951, 1742, 1614, 1474, 1235, 
1029 cm-1; HRMS (ES) m/z = 406.0055 calcd for C19H14NO3NaBr [MNa]+, found 
406.0052; CSP HPLC (Chiralpak IA, 1.0 mL/min, 90:10 hexanes: i-PrOH) tR(1) = 15.07 
min, tR(2) = 19.92 min. 
 
(S)-Methyl 3-(1-(naphthalen-1-yl)propa-1,2-dien-1-yl)-2-oxoindoline-3-carboxylate 
(1.4h). Following the general procedure, the reaction with 5 mol% Pd[(S)-t-
BuPHOX](SbF6)2 catalyst and CH2Cl2 as the solvent  was  conducted at -78 °C and 
slowly warmed to -15 °C. Compound 1.4h was obtained as a white solid in 95% yield: 
decomposed at 197 °C; 
! 
["]D23+59.22 (c 0.07, 98% ee, CH2Cl2);  1H NMR (500 MHz, 
CDCl3) ! 8.84 (bs, 1H), 8.11 (d, J = 8.2 Hz, 1H), 7.75 (d, J = 7.5 Hz, 1H), 7.69 (d, J = 8.2 
Hz, 1H), 7.44-7.37 (m, 3H), 7.30-7.20 (m, 2H), 7.11 (td, J = 7.7, 1.2 Hz, 1H), 6.83 (td, J 







Hz, 1H), 3.69 (s, 3H); 13C NMR (125 MHz, CDCl3) ! 209.4, 174.6, 168.4, 141.1, 133.8, 
132.4, 131.7, 129.5, 128.5, 128.3, 127.3, 126.6, 126.4, 126.1, 125.87, 125.86, 125.2, 
122.6, 110.3, 100.1, 78.7, 63.9, 53.5; IR (film) 3262, 3061, 2934, 1950, 1740, 1613, 
1474, 1235, 1029 cm-1; HRMS (ES) m/z = 378.1106 calcd for C23H17NO3Na [MNa]+, 
found 378.1109; CSP HPLC (Chiralpak IA, 1.0 mL/min, 90:10 hexanes: i-PrOH) tR(1) = 
14.3 min, tR(2) = 17.9 min. 
 
(S)-Methyl 3-(1-(2-methoxyphenyl)propa-1,2-dien-1-yl)-2-oxoindoline-3-carboxylate 
(1.4i). Following the general procedure, the reaction of a mixture of compound 1.3g and 
methylindole-3-carboxylate (1.4:1) with 5 mol% Pd[(S)-t-BuPHOX](SbF6)2 catalyst and 
CH2Cl2 as the solvent  was  conducted at -78 °C and slowly warmed to -15 °C. 
Compound 1.4i was obtained as a colorless resin in 90% yield: 
! 
["]D23+14.25 (c 0.035, 
98% ee, CH2Cl2);  1H NMR (500 MHz, CDCl3) ! 7.91 (bs, 1H), 7.32 (dd, J = 7.5, 1.7 Hz, 
1H), 7.17-7.11 (m, 2H), 6.97 (d, J = 7.8 Hz, 1H), 6.87 (t, J = 7.5 Hz, 1H), 6.81-6.76 (m, 
2H), 6.55 (d, J = 8.2 Hz, 1H), 5.15 (d, J = 11.5 Hz, 1H), 5.12 (d, J = 12.0 Hz, 1H), 3.73 
(s, 3H), 3.41 (s, 3H); 13C NMR (125 MHz, CDCl3) ! 210.7, 174.6, 169.0, 156.7, 141.2, 
131.2, 129.4, 129.0, 127.4, 126.5,  124.0, 122.0, 120.6, 110.3, 109.2, 100.4, 78.4, 62.6, 
54.7, 53.5; IR (film) 3226, 2924, 2857, 1940, 1745, 1617, 1472, 1227, 1024 cm-1; HRMS 
(ES) m/z = 358.1055 calcd for C20H17NO4Na [MNa]+, found 358.1063; CSP HPLC 











(1.4j). Following the general procedure, using 100 mol% Pd[(R)-BINAP](SbF6)2 and 
CH2Cl2 as the solvent at 0 °C, compound 1.4j was obtained as a white solid in 90% yield: 
! 
["]D23+48.33 (c 0.06, 77% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 7.99 (bs, 1H), 7.31 
(ddd, J = 7.5, 1.0, 0.5 Hz, 1H), 7.26 (td, J = 7.5, 1.0 Hz, 1H), 7.05 (td, J = 7.5, 1.0 Hz, 
1H), 6.87 (ddd, J = 7.5, 1.0, 0.5 Hz, 1H), 4.61 (d, J = 11.5 Hz, 1H), 4.45 (d, J = 11.5 Hz, 
1H), 3.72 (s, 3H), 0.11 (s, 9H); 13C NMR (125 MHz, CDCl3) ! 211.3, 174.9, 169.2, 140.7, 
129.5, 128.3, 126.6, 122.6, 109.9, 95.4, 73.3, 61.7, 53.3, -0.1; IR (film) 3275, 2958, 2858, 
1931, 1746, 1622, 1475, 1244 cm-1; HRMS (ES) m/z = 324.1032 calcd for 
C16H19NO3NaSi [MNa]+, found 324.1021; CSP HPLC (Chiralpak AD, 0.75 mL/min, 
92.5:7.5 hexanes: i-PrOH) tR(1) = 12.6 min, tR(2) = 19.4 min. 
 
(S)-Methyl 3-(4,4-dimethylpenta-1,2-dien-3-yl)-2-oxoindoline-3-carboxylate (1.4k). 
Following the general procedure, using Pd(difluoroPHOX)(SbF6)2 catalyst and CH2Cl2 as 
the solvent at 0 °C, compound 1.4k was obtained as a white solid in 100% yield: 
! 
["]D23
+51.20 (c 0.08, 86% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 7.58 (bs, 1H), 7.46 (d, J 












7.5 Hz, 1H), 4.94 (d, J = 11.0 Hz, 1H), 4.81 (d, J = 11.0 Hz, 1H), 3.71 (s, 3H), 1.06 (s, 
9H); 13C NMR (125 MHz, CDCl3) ! 209.7, 174.6, 168.8, 140.5, 129.5, 128.1, 128.0, 
122.6, 110.7, 109.8, 79.3, 63.8, 53.5, 34.8, 31.1; IR (film) 3252, 2958, 1946, 1746, 1622, 
1475, 1228 cm-1; HRMS (ES) m/z = 308.1263 for C17H19NO3Na [MNa]+, found 308.1255; 
CSP HPLC (Chiralpak AD, 0.75 mL/min, 92.5:7.5 hexanes: i-PrOH) tR(1) = 15.4 min, 
tR(2) = 24.3 min. 
 
(S)-Methyl 3-(1-(6-methyl-4,8-dioxo-1,3,6,2-dioxazaborocan-2-yl)propa-1,2-dien-1-
yl)-2-oxoindoline-3-carboxylate (1.4l). Following the general procedure, the reaction 
with 20 mol% Pd[(S)-t-BuPHOX](SbF6)2 catalyst and MeCN:C6H5Cl:CH2Cl2 (1:5:5) as 
the solvent  was  conducted at 45 °C for 2 days. Compound 1.4l was obtained as a white 
solid in 60% yield: decomposed at 164 °C, 
! 
["]D23+5.73 (c 0.035, 70% ee, MeCN);  1H 
NMR (500 MHz, acetone-d6) ! 9.59 (bs, 1H), 7.35 (d, J = 7.5 Hz, 1H), 7.23 (t, J = 7.5 
Hz, 1H), 7.02 (t, J = 7.5 Hz, 1H), 6.92 (d, J = 7.5 Hz, 1H), 4.68 (d, J = 12.0 Hz, 1H), 4.53 
(d, J = 12.0 Hz, 1H), 4.30 (d, J = 17.5 Hz, 1H), 4.21 (s, 2H), 4.07 (d, J = 17.5 Hz, 1H), 
3.66 (s, 3H), 3.13 (s, 3H); 13C NMR (125 MHz, acetone-d6) ! 212.4, 174.6, 169.4, 168.3, 
167.7, 141.9, 129.3, 128.9, 125.9, 122.0, 109.7,  109.6, 74.5, 63.8, 63.7, 61.4, 52.3, 48.3; 
IR (film) 3208, 2960, 1944, 1743, 1617, 1464, 1244, 1042 cm-1; HRMS (ES) m/z = 
407.1027 calcd for C18H17N2O7NaB [MNa]+, found 407.1060; CSP SFC (Chiralpak IA, 













carboxylate (1.4m). Following the general procedure, compound 1.4m was obtained as a 
white solid in 90% yield: mp 132-133 °C; 
! 
["]D23+128.57 (c 0.07, 89% ee, CH2Cl2); 1H 
NMR (500 MHz, CDCl3) ! 7.87 (bs, 1H), 7.28 (d, J = 7.5 Hz, 1H), 7.22 (td, J = 7.5, 1.0 
Hz, 1H), 7.01 (td, J = 7.5, 1.0 Hz, 1H), 6.83 (d, J = 7.5 Hz, 1H), 4.56 (d, J = 11.5 Hz, 
1H), 4.39 (d, J = 11.5 Hz, 1H), 3.69 (s, 3H), 0.89 (s, 9H), 0.09 (s, 3H), 0.06 (s, 3H); 13C 
NMR (125 MHz, CDCl3) ! 212.6, 174.6, 169.3, 140.8, 129.4, 128.5, 126.8, 122.6, 109.7, 
93.8, 74.0, 62.3, 53.2, 27.6, 19.4, -4.15, -4.18; IR (film) 3252, 2958, 2858, 1931, 1746, 
1622, 1468, 1259, 1089, 1027 cm-1; HRMS (ES) m/z = 366.1501 calcd for 
C19H25NO3SiNa [MNa]+, found 366.1494; CSP HPLC (Chiralpak IA, 1 mL/min, 95:5 
hexanes: i-PrOH) tR(1) = 6.1 min, tR(2) = 11.0 min. 
 
(R)-Methyl 2-oxo-3-(1-(triethylsilyl)propa-1,2-dien-1-yl)indoline-3-carboxylate 
(1.4n). Following the general procedure, compound 1.4n was obtained as a white solid in 
78% yield: 
! 
["]D23+81.00 (c 0.05, 90% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 9.12 
(bs, 1H), 7.34 (dd, J = 7.5, 0.5 Hz, 1H), 7.25 (td, J = 8.0, 1.5 Hz, 1H), 7.03 (td, J = 7.5, 
1.0 Hz, 1H), 6.90 (d, J = 8.0 Hz, 1H), 4.61 (d, J = 11.5 Hz, 1H), 4.44 (d, J = 11.5 Hz, 












CDCl3) ! 212.0, 175.8, 169.2, 141.1, 129.4, 128.4, 126.5, 122.5, 110.2, 92.2, 72.9, 62.0, 
53.2, 7.5, 4.1; IR (film) 3259, 2958, 2881, 1931, 1738, 1622, 1468, 1328, 1236, 1104 cm-
1; HRMS (ES) m/z = 342.1525 calcd for C19H24NO3Si [M-H]–, found 342.1537; CSP 




3-carboxylate (1.4o). Following the general procedure using 5 mol% Pd[(R)-
BINAP](SbF6)2 as the catalyst, compound 1.4o was obtained as a white solid in 76% 
yield: mp 135-136 °C; 
! 
["]D23+137.43 (c 0.35, 90% ee, CH2Cl2);  1H NMR (300 MHz, 
CDCl3) ! 9.82 (bs, 1H), 7.09 (d, J = 7.5 Hz, 1H), 7.05 (d, J = 7.5 Hz, 1H) 6.93 (dd, J = 
7.5, 7.5 Hz, 1H), 4.55 (d, J = 11.5 Hz, 1H), 4.36 (d, J = 11.5 Hz, 1H), 4.23 (qd, J = 7.0, 
11.0 Hz, 1H), 4.11 (qd, J = 7.0, 11.0 Hz, 1H), 2.31 (s, 3H), 1.22 (t, J = 7.0 Hz, 3H), 0.94 
(s, 9H), 0.17 (s, 3H), 0.14 (s, 3H); 13C NMR (75 MHz, CDCl3) ! 212.3, 176.4, 169.2, 
140.2, 130.6, 128.2, 123.6, 122.2, 119.7, 93.6, 74.0, 62.8, 62.2, 27.7, 19.4, 16.7, 14.2, -
4.0, -4.1; IR (film) 3198, 2935, 2858, 1931, 1715, 1630, 1468, 1228, 1050 cm-1; HRMS 
(ES) m/z = 370.1838 calcd for C21H28NO3Si [M-H]–, found 370.1825; CSP HPLC 
















oxoindoline-3-carboxylate (1.4q). Following the general procedure, compound 1.4q was 
obtained as a white solid in 91% yield: 
! 
["]D23+172.80 (c 0.13, 93% ee, CH2Cl2); 1H NMR 
(500 MHz, CDCl3) ! 7.68 (bs, 1H), 6.98 (dd, J = 7.5, 7.5 Hz, 1H), 6.90 (d, J = 7.5 Hz, 
1H) 6.81 (d, J = 7.5 Hz, 1H), 4.55 (d, J = 12.0 Hz, 1H), 4.37 (d, J = 12.0 Hz, 1H), 4.20 
(qd, J = 7.0, 11.0 Hz, 1H), 4.10 (qd, J = 7.0, 11.0 Hz, 1H), 3.86 (s, 3H), 1.22 (t, J = 7.0 
Hz, 3H), 0.92 (s, 9H), 0.14 (s, 3H), 0.11 (s, 3H); 13C NMR (125 MHz, CDCl3) ! 212.4, 
174.0, 168.9, 143.8, 129.9, 129.2, 122.7, 118.7, 111.5, 100.2, 93.5, 73.9, 62.3, 55.9, 27.6, 
19.4, 14.2, -4.1, -4.2; IR (film) 3205, 2935, 2858, 1931, 1722, 1630, 1498, 1282, 1236, 
1043 cm-1; HRMS (ES) m/z = 388.1944 calcd for C21H30NO4Si [MH]+, found 388.1954; 




3-carboxylate (1.4r). Following the general procedure, compound 1.4r was obtained as a 
white solid in 85% yield: mp 133-134 °C; 
! 
["]D23+130.43 (c 0.12, 90% ee, CH2Cl2); 1H 
NMR (500 MHz, CDCl3) ! 9.14 (bs, 1H), 7.40 (d, J = 2.0 Hz, 1H), 7.36 (dd, J = 8.5, 2.0 
Hz, 1H) 6.77 (d, J = 8.5 Hz, 1H), 4.63 (d, J = 12.0 Hz, 1H), 4.43 (d, J = 12.0 Hz, 1H), 
4.23 (qd, J = 7.0, 10.5 Hz, 1H), 4.15 (qd, J = 7.0, 10.5 Hz, 1H), 1.25 (t, J = 7.0 Hz, 3H), 
0.91 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H); 13C NMR (125 MHz, CDCl3) ! 212.4, 175.4, 








4.1, -4.2; IR (film) 3275, 2935, 2858, 1931, 1738, 1614, 1475, 1298, 1236, 1043 cm-1; 
HRMS (ES) m/z = 458.0756 calcd for C20H26BrNO3SiNa [MNa]+, found 458.0779; CSP 
HPLC (Chiralpak IA, 1 mL/min, 95:5 hexanes: i-PrOH) tR(1) = 9.2 min, tR(2) = 22.3 min. 
 
(R)-4-(tert-Butyldimethylsilyl)-5-methyl-2H-spiro[furan-3,3'-indoline]-2,2'-dione 
(1.5m). Following the general procedure, the reaction mixture was stirred at ambient 
temperature using C6H5Cl:C6H5CH3 (1:1) as the solvent until the starting material was 
completely consumed, as determined by TLC ( in 84 h). Then, 5 mol% H2O was added 
and the mixture was stirred at 40 °C for 36 h. Filtration through a plug of SiO2 (5 mm x 2 
cm) with ethyl ether, concentration of the solution and purification by column 
chromatography using 50% ethyl ether/hexane afforded 1.5m as a white resin in 95% 
yield: 
! 
["]D23+21.66 (c 0.06, 86% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 8.27 (bs, 1H), 
7.31-7.26(m, 1H), 7.06-6.93(m, 2H), 6.92(d, J = 7.5 Hz, 1H), 2.27 (s, 3H), 0.82(s, 9H), -
0.07(s, 3H), -0.18(s, 3H); 13C NMR (125 MHz, CDCl3) ! 174.3, 173.6 163.2, 141.7, 
130.2, 127.7, 124.8, 123.4, 110.8, 110.4, 66.5, 27.2, 18.2, 16.4, -4.92, -4.96; IR (film) 
3251, 2955, 2870, 1797, 1718, 1624, 1473, 1167, 995 cm-1; HRMS (ES) m/z = 352.1345 
calcd for C18H23NO3SiNa [MNa]+, found 352.1337; CSP HPLC (Chiralpak IA, 1 mL/min, 
















Following the general procedure using 5 mol% H2O and C6H5Cl as the solvent at 40 °C, 
compound 1.5s was obtained as a white solid in 78% yield: mp 202-203 °C; 
! 
["]D23+ 
112.00 (c 0.025, 92% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 8.93 (bs, 1H), 7.27 (dd, 
J = 8.0, 1.0 Hz, 1H), 7.07 (d, J = 7.5 Hz, 1H), 7.03 (dd, J = 7.5, 1.0 Hz, 1H), 6.92 (d, J = 
8.0 Hz, 1H), 2.28 (s, 3H), 1.03-1.01 (m, 12H), 0.89-0.87 (m, 9H); 13C NMR (125 MHz, 
CDCl3) ! 174.4, 174.1, 163.0, 142.0, 130.3, 127.9, 124.8, 123.3, 110.9, 109.3, 67.6, 19.2, 
18.9, 16.6, 12.5; IR (film) 3236, 2950, 2873, 1800, 1715, 1622, 1468, 1220, 1166 cm-1; 
HRMS (ES) m/z = 370.1839 calcd for C21H28NO3Si [M-H]–, found 370.1807; CSP HPLC 
(Chiralpak IA, 1 mL/min, 98:2 hexanes: i-PrOH) tR(1) = 15.3 min, tR(2) = 39.0 min. 
 
(R)-5,7'-Dimethyl-4-(triisopropylsilyl)-2H-spiro[furan-3,3'-indoline]-2,2'-dione 
(1.5w). Following the general procedure using 5 mol% H2O and C6H5Cl:C6H5CH3 (1:1) 
as the solvent at 40 °C, compound 1.5w was obtained as a white solid in 93% yield: mp 
239-240 °C; 
! 
["]D23+73.53 (c 0.34, 96% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 8.37 
(bs, 1H), 7.09 (d, J = 7.5 Hz, 1H), 6.95 (dd, J = 7.5, 7.5 Hz, 1H), 6.90 (d, J = 7.5 Hz, 1H), 
2.27 (s, 6H), 1.05-0.99 (m, 12H), 0.91-0.86 (m, 9H); 13C NMR (125 MHz, CDCl3) ! 
174.4, 173.6 162.9, 140.5, 131.5, 127.5, 123.3, 122.2, 120.1, 109.3, 66.9, 19.2, 18.9, 
16.68, 16.65, 12.6; IR (film) 3198, 2950, 2873, 1800, 1715, 1622, 1468, 1220, 1159, 













dione (1.5x). Following the general procedure using 5 mol% H2O and CH2Cl2 as the 
solvent at 40 °C, compound 1.5x was obtained as a white solid in 81% yield: mp 147-148 
°C; 
! 
["]D23+60.00 (c 0.05, 91% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 7.68 (bs, 1H), 
6.83 (d, J = 1.5 Hz, 2H), 6.67 (s, 1H), 3.74 (s, 3H), 2.28 (s, 3H), 1.08-1.00 (m, 12H), 
0.94-0.89 (m, 9H); 13C NMR (125 MHz, CDCl3) ! 174.3, 172.9, 163.2, 156.4, 134.9, 
128.9, 115.6, 111.4, 111.2, 109.3, 66.9, 56.0, 19.2, 18.9, 16.7, 12.6; IR (film) 3252, 2950, 
2873, 1800, 1715, 1622, 1491, 1298, 1205, 1159, 1081, 1027 cm-1; HRMS (ES) m/z = 
424.1920 calcd for C22H31NO4SiNa [MNa]+, found 424.1910; CSP HPLC (Chiralpak IA, 
1 mL/min, 95:5 hexanes: i-PrOH) tR(1) = 11.0 min, tR(2) = 27.0 min. 
 
(R)-7'-Methoxy-5-methyl-4-(triisopropylsilyl)-2H-spiro[furan-3,3'-indoline]-2,2'-
dione (1.5y). Following the general procedure using 5 mol% H2O and C6H5Cl as the 
solvent at 40 °C, compound 1.5y was obtained as a white solid in 90% yield: mp 237-238 
°C; 
! 
["]D23+64.00 (c 0.4, 92% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 7.60 (bs, 1H), 















3H), 2.26 (s, 3H), 1.05-0.99 (m, 12H), 0.91-0.87 (m, 9H); 13C NMR (125 MHz, CDCl3) ! 
174.2, 172.2 163.0, 144.4, 130.7, 128.5, 123.9, 116.9, 112.4, 109.1, 67.0, 56.0, 19.2, 18.9, 
16.7, 12.6; IR (film) 3198, 2950, 2873, 1800, 1715, 1630, 1498, 1460, 1290, 1159, 1066, 
1004 cm-1; HRMS (ES) m/z = 400.1944 calcd for C22H30NO4Si [M-H]–, found 400.1935; 




(1.5z). Following the general procedure using 10 mol% H2O and C6H5Cl:C6H5CH3 (1:1) 
at 40 °C, compound 1.5z was obtained as a white solid in 82% yield: mp 180-181 °C; 
! 
["]D23+70.66 (c 0.15, 92% ee, CH2Cl2); 1H NMR (500 MHz, CDCl3) ! 8.80 (bs, 1H), 7.41 
(dd, J = 8.0, 2.0 Hz, 1H), 7.20 (d, J = 2.0 Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H), 2.28 (s, 3H), 
1.03 (d, J = 6.0 Hz, 9H), 1.00 (qq, J = 6.0, 7.0 Hz, 3H), 0.90 (d, J = 7.0 Hz, 9H); 13C 
NMR (125 MHz, CDCl3) ! 173.7, 173.5 163.7, 140.9, 133.1, 129.8, 128.2, 115.8, 112.3, 
108.9, 66.5, 19.1, 18.9, 16.7, 12.5; IR (film) 3252, 2950, 2873, 1800, 1722, 1622, 1475, 
1383, 1228, 1166 cm-1; HRMS (ES) m/z = 448.0944 calcd for C21H27BrNO3Si [M-H]–, 
found 448.0936; CSP HPLC (Chiralpak IA, 1 mL/min, 95:5 hexanes: i-PrOH) tR(1) = 8.1 











carboxylate (1.6). To a flask of 1.4o (35 mg, 0.1 mmol) and (CF3CO2)2Hg (40 mg, 0.1 
mmol) was added AcOH (0.5 mL) and H2O (0.3 mL). The reaction solution was stirred at 
room temperature. After 45 min, the mixture was cooled to 0 °C, diluted with ethyl 
acetate and quenched with saturated aq. Na2S2O3. The mixture was stirred for 30 min at 
room temperature. The aqueous layer was extracted with EtOAc and the combined 
organic extracts were washed with saturated aq. NaHCO3, dried (MgSO4), filtered and 
concentrated. The residue was purified by flash column chromatography (40% ethyl 
acetate/hexane) to afford 1.6 as a white solid in 72% yield: 1H NMR (300 MHz, CDCl3) ! 
9.24 (bs, 1H), 7.09 (d, J = 7.5 Hz, 1H), 7.06 (d, J = 7.8 Hz, 1H) 6.94 (dd, J = 7.5, 7.8 Hz, 
1H), 4.12 (qd, J = 10.5, 7.0 Hz, 1H), 4.10 (qd, J = 10.5, 7.0 Hz, 1H), 3.58 (s, 1H), 2.37 (s, 
3H), 2.29 (s, 3H), 1.14 (t, J = 7.0 Hz, 3H), 0.82 (s, 9H), 0.06 (s, 3H), -0.26 (s, 3H); 13C 
NMR (75 MHz, CDCl3) ! 207.7, 177.4, 170.2, 140.0, 131.1, 128.5, 122.8, 121.7, 119.7, 
62.7, 60.8, 49.7, 31.3, 27.2, 18.2, 16.5, 14.0, -5.0, -5.5; IR (film) 3213, 2966, 2866, 1737, 
1715, 1661, 1468, 1259, 1213, 1027 cm-1; HRMS (ES) m/z = 390.2101 calcd for 

















carboxylate (1.8).  To a flask of 1.6 (10 mg, 0.026 mmol) in toluene (1 mL) was added 4 
Å MS  (30 mg). The mixture was stirred for 12 h at 45 °C and filtered through a plug of 
Celite. The solution was concentrated in vacuo to afford 1.8 as a white solid in 93% 
yield: 
! 
["]D23+176.57 (c 0.175, 89% ee, CH2Cl2), 1H NMR (500 MHz, CDCl3) ! 8.50 (bs, 
1H), 7.07 (d, J = 7.5 Hz, 1H), 7.05 (d, J = 8.0 Hz, 1H) 6.94 (dd, J = 7.5, 8.0 Hz, 1H), 5.25 
(s, 1H), 4.17 (qd, J = 10.5, 7.0 Hz, 1H), 4.13 (qd, J = 10.5, 7.0 Hz, 1H), 2.28 (s, 3H), 1.47 
(s, 3H), 1.17 (t, J = 7.0 Hz, 3H), 0.91 (s, 9H), 0.18 (s, 3H), 0.17 (s, 3H); 13C NMR (125 
MHz, CDCl3) ! 176.6, 169.5, 154.9, 139.8, 130.8, 130.4, 123.2, 121.8, 119.4, 105.1, 
62.4, 59.8, 25.8, 19.7, 18.2, 16.7, 14.1, -4.2, -4.3; IR (film) 3229, 2927, 2858, 1746, 
1715, 1661, 1460, 1383, 1228, 1089, 1043 cm-1; HRMS (ES) m/z = 388.1944 calcd for 
C21H30NO4Si [M-H]–, found 388.1941; CSP HPLC (Chiralpak IA, 0.75 mL/min, 92.5:7.5 
hexanes: i-PrOH) tR(1) = 7.9 min, tR(2) = 9.6 min. 
Cyclization of 1.6 to form 1.5o 
To a solution of 1.6 (21 mg, 0.053 mmol) in THF was added a solution of LDA in THF 
(0.065 mmol).  The reaction mixture was stirred for 4 h at 0 °C and quenched with 
saturated aq. NH4Cl. The aqueous layer was extracted with diethyl ether and the 
combined organic extracts were dried (MgSO4), filtered and concentrated. The residue 
was purified by flash column chromatography (15% ethyl acetate/hexane) to afford 1.5o 
as a white solid in 81% yield. 
Protodesilation of 1.4n to form 1.4c 
To a solution of 1.4n (10 mg, 0.029 mmol) in CH2Cl2 was added a solution of TBAF in 
THF (0.073 mmol).  The reaction mixture was stirred for 24 h at room temperature and 
 !"#
quenched with saturated aq. NH4Cl. The aqueous layer was extracted with diethyl ether 
and the combined organic extracts were dried (MgSO4), filtered and concentrated. The 
residue was purified by flash column chromatography (20% ethyl acetate/hexane) to 
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Chapter 2. The Regioselective Oxidative Coupling of Phenols 
2.1. Biphenols in Nature 
Biphenol compounds represent an important class of natural products whose 
inherent reactivity makes them both important synthetic intermediates and components in 
biologically active molecules.1 Many of these natural products, including acherxanthone 
A,2 knipholone,3 mastigophorene A,4 xanthonol,5 vancomycin,6 contain a biphenol bond 
(Figure 2.1).  Methodologies that are able to install the biphenol bonds can give access to 
these complex molecules and can provide efficient synthetic routes to new classes of 
achiral and chiral ligands as well. Therefore, any methods to generate these biphenols in 
high yield and high regio- and enantioselectivity would be very valuable to the synthetic 
community. 
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Figure 2.1. Biphenols in Nature 
 
2.2. Oxidative Coupling of Phenols 
The oxidation of phenols to dimeric products has been well known for more than 
a century and has become a fundamental method for the synthesis of biphenol 
compounds.7 These methods have gained the tremendous attention since the discovery of 
a number of natural products such as lignans,8 xanthones,9 and tetrahydroisoquinoline 
alkaloids,10 all of which have been confirmed to be biosynthesized via oxidative coupling 
of appropriate precursor phenols. The extensive studies of this reaction on a wide variety 
of phenolic compounds led to the successful biomimetic synthesis of many natural 
products and analogues such as gossypol analogue,11 coumarin dimers (euphorbetin and 
isouphorbetin),12 polyhydroxy flavones,13 xanthones14 and many more compounds. The 



















































































Figure 2.2. Biomimetic Synthesis of Biphenols 
 
Mechanistically, the first step of oxidative coupling of phenols is the generation 
of a phenoxy radical by the transfer of an electron to the oxidant (Scheme 2.1).7 The 
generated phenoxy radical undergoes mostly homolytic coupling. Unlike the highly 
stable naphthol radical, no radical intermediate of phenols is particularly more stable than 
the others, leading to the formation of ortho-ortho, ortho-para, para-para coupling 
products and phenol ethers. In some cases when phenols have substitution at the para 
position, the ortho-para coupling could give rise to the generation of a Pummerer ketone. 
Other mechanisms such as radical cation or radical anion processes may also operate. It is 
not known with certainty that all the phenol oxidative couplings proceed by one or the 
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Scheme 2.1. Mechanism of Phenol vs. Naphthol Coupling 
 
 Because phenol couplings occur via a favorable one-electron oxidation, these 
reactions can be conducted under very mild conditions that tolerate many functional 
groups. This flexibility distinguishes oxidative phenol coupling from other biaryl 
synthesis methods such as Kumada coupling, Negishi coupling, Suzuki coupling and 
nucleophilic aromatic substitution.16,17 Moreover, these constructions often set up 
functionality at non-functionalized centers, thus eliminating the need for complex pre-
functionalized starting materials (i.e., halides, boronic acids, boronates, etc.). 
On the other hand, the lack of pre-functionalization limits the regioselective 
control (Table 2.1). Substrate control typically dominates, though in some cases the 
catalyst can control the regioselectivity. Both ortho- and para-couplings are facile.26 
OOH
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Unwanted side products are often formed if there are multiple sterically and 
electronically comparable positions on the aromatic substrates.  
Table 2.1. Mixed Products in Oxidative Coupling of Phenols 
 
Entry! Oxidant! Solvent! A : B : C : D : E!
1! (t-BuO)2! PhCl! 85 : 11 : 0 : 4 : 0!
2! t-BuOOH! H2O! 18 : 45 : 21 : 7 : 9  !
3! Mn(acac)3! PhH! 4 : 43 : 28 : 12 : 14!
4! Ag2CO3! MeCN! 1 : 13 : 24 : 9 : 53!
5! K3Fe(CN)6! aq. MeCN! 18 : 23 : 27 : 22 : 10!
 
Many stoichiometric oxidative reagents have been explored in phenol oxidative 
coupling, including FeCl3,18 K3Fe(CN)6,19 AgOH,20 K2Cr2O7,21 KMnO4 and K2MnO4,22 
iodosobenxene diacetate,23 active MnO2,24 Mn(acac)3,25 tert-butyl peroxide,26 isoamyl 
nitrite,27 O2/NaOH,20 RuO2,28 VOF3,29 VOCl3 and VCl4,30 V2(acac)3 and VO(acac)2;31  
Tl(CF3CO2)3,32 and natural enzymes.33 Irradiation by ultrasound in the presence of an 
oxidizing agent has also been used for biphenol formation.34 Anodic oxidation and 
oxidation through photochemical radical processes have also been used for the oxidative 
coupling of phenols.35 However, anodic oxidation may lead to solvent incorporation,36 
nitro and cloride group insertion37 and cause the formation of phenyl ethers38 and 
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reagents such as Ag2CO3 on celite,40 FeCl3 on SiO2,41 or phosphomolybdic acid absorbed 
on silica gel.42 These special types of reagent are for easier handling, separation and 
efficiency. All of these reported methods have little effect on the regioselectivity and 
yield of the phenol coupling. 
Overall, phenol coupling is much more difficult than the well-documented 
naphthol coupling for three reasons: (a) disruption of the aromatic ring of an isolated 
phenol incurs a 10-20 kcal/mol higher energetic cost relative to naphthols, (b) no single 
resonance form of the phenol radical is highly stabilized leading to unselective coupling 
compared to the 2-naphthol radical and  (c) the control factors for selective couplings are 
unknown. The regioselective methods of phenol coupling reported to date are substrate 
dependent and limited in scope. 
2.3. Metallosalen/salan complexes 
Tetradentate salen and salan complexes, especially those with ONNO chelation 
patterns are an important class of compounds in coordination chemistry.43 Since 1990 
when the groups of Jacobsen44 and Katsuki45 discovered the enantioselective epoxidation 
of unfunctionalized alkenes using chiral Mn(salen) complexes as catalysts, interest in 
salen-type complexes has intensified. A wide variety of reactions catalyzed by salen and 
salan complexes have been investigated, including oxidation of hydrocarbons,46 
aziridination,47 Diels-Alder reactions,48 epoxidation,49 alkylation of aldehydes,50 
cyclopropanation,51 sulfoxidation,52 etc. To date, over 2500 metal complexes of 
salen/salan ligands have been synthesized and characterized.53 
 !"#
Methallosalen complexes are compelling catalyst candidates due to their ease of 
preparation, uncomplicated construction of highly asymmetric coordination sphere, and 
flexible catalytic performance. The standard method for the preparation of the ligand is 
the condensation of a salicylaldehyde with a 1,2-diamine in alcohol solvent, usually 
ethanol or methanol (Scheme 2.2).43 The ligands can be obtained as relatively pure 
crystalline solids directly from the reaction mixture. Many metallosalen complexes can 
be synthesized simply by mixing diamine, salicylaldehyde, and metal salt in an 
appropriate solvent.43 Salen complexes with main group metals tend to be mostly air and 
moisture sensitive. Therefore, they must be handled properly with inert atmospheres and 
suitable solvents such as anhydrous THF or toluene. The transition metal complexes of 
salen ligands are quite stable and usually exhibit bright colors. When the desired complex 
is soluble in organic solvents, an excess of the metal salt is usually used to drive the 
reaction to completion, and the remainder of the salt is removed by washing with water or 
through standard chromatographic techniques. 
Scheme 2.2. Synthesis of Salen/Salan structures 
 
The diamine unit located adjacent to a metal ion and the large space between the 
3- and 3'-positions are the most important structural features of salen/salan complexes. A 
broad spectrum of available diamines and substituted salicylaldehydes allows for great 


























Recent studies have revealed that metallosalen/salan complexes are adaptable and 
can adopt conformations from planar to highly twisted, depending on the oxidation state 
of the central metal ion of the complex, the ligand structure, and the nature of the possible 
counterion (Figure 2.3). Salen complexes have three common ordination geometries. The 
square planar geometry and distorted versions are usually observed in monomeric 
complexes of metal (II) ions54 such as Cu(II), Co(II), Ni(II) or higher valent complexes 
with non-coordinating counterions (i.e BF4- or PF6-).55 Square pyramidal complexes have 
been observed with metal ions in the +3 oxidation state with coordinating counterions 
(oxygen- and carbon-based anions,56 halides,57 nitrido58) or neutral ligand (alcohol,59 
water,60 and pyridine61). Another common metallosalen geometry is octahedral 
coordination, which have been found in metal (IV) and (VI) complexes with two 
coordinating anions62 or metal (III) complexes with two neutral ligands.63 High-valent, 
early transition metals with neutral ligands such as Zr(salen)Cl2·THF regularly form 7-
coordinate complexes (pentagonal bipyramidal).64  This geometry has been seen in 
dioxouranium complexes, for example UO2(salen)H2O.65 Higher coordinate salen 
complexes are rare, but can be observed with lanthanide metals.66 
Figure 2.3. Coordination Mode of Salen/Salan Complexes 
 
The five membered-ring chelation from ethylene diamine and the central ion can 
























L: neutral or charged ligand
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Consequently, this stepped or umbrella-like conformations or a blend of the two can be 
observed (Figure 2.4). 67 In cases when a bidentate additive (X-Y) coordinating with the 
metal ion is added, some metal salen complexes can adopt cis-folded structures, in which 
one oxygen atom on the salen ligand shifts to the apical position.68 The cis-! coordination 
can be observed when diamine moiety is constructed from 2,2’-diaminobinaphthyl and in 
some salen complexes of second or third row transition metals such as Zr, Ru, Hf... The 
cis-" isomers in which two oxygen molecules coordinate at apical positions are usually 
unstable. 
Figure 2.4. Conformations of Salen/Salan Complexes 
 
2.4. Utility of Metallosalen/salan Complexes for the Oxidation of Phenols and 
Naphthols 
 Transition metals can form a wide variety of coordination complexes with oxygen 
(Figure 2.5).69-71 To form these complexes, the metal ion typically donates unpaired 
electrons to the oxygen and is thus oxidized by one or two electrons. In contrast, some 
metals act as reversible oxygen carriers, in which the electron transfer is not complete 
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Figure 2.5. Coordination Modes of Oxygen in Metal Complexes 
 
 The aerobic oxidation of phenols using cobalt salen complexes is one of the most 
well-studied metallosalen-catalyzed oxidative processes. The first example of Co(salen)-
catalysed phenol oxidation with dioxygen was reported by Dort and Guerson in 1967 
(Scheme 2.3).74 Under ambient oxygen pressure at room temperature with a nonpolar 
solvent, a binuclear bridged peroxo complex is favored. By tuning the reaction 
conditions, this complex can be shifted towards the more catalytically active 
mononuclear superoxo complex.69 This radical superoxo complex abstracts the phenolic 
hydrogen atom to produce phenoxy radical.75 The radical then reacted with another 
superoxo complex or with oxygen to form 1,4-benzoquinone products. Beside molecular 
oxygen, tert-butylhydroperoxide and hydrogen peroxide have also been used with cobalt 
catalysts, leading to a variety of oxidized and tert-butylperoxylated products. 
Scheme 2.3 Postulated Mechanism of Phenol Oxidation with Co(Salen) Complexes 
 
 Kobayashi and coworkers have broadly studied the Fe(salen)-catalysed oxidative 
coupling of 2,6-disubstituted phenols using hydrogen peroxide as a terminal oxidant 
(Scheme 2.4).76 Regular 1,4-phenyleneoxide polymers with MW about 104 were obtained. 
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Surprisingly, 2,6-diisopropyl- and 2,6-dimethoxyphenol yielded biphenyl dimers. The 
addition of a small amount of pyridine to the reaction mixture suppressed the formation 
of the diphenoquinone by-products. 
Scheme 2.4. Oxidative Coupling of 2,6-disubstituted phenols by Fe(Salen) 
Complexes 
 
 Katsuki and coworkers discovered in 2000 that ruthenium salen complexes could 
be used for aerobic oxidative homocoupling of 2-naphthols (Scheme 2.5).77 Under 
irradiation with visible light and an air atmosphere, 2-naphthols underwent facile 
coupling to 1,1’-binaphthylenyl-2,2’-ol (BINOL). In the proposed mechanism, the 
ruthenium is coordinated by a 2-naphthol, followed by single-electron oxidation, to 
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Scheme 2.5. Aerobic Oxidative Coupling of 2-Naphthol Derivatives by Ru(II)-Salen 
Complex 
 
 Recently, a di-µ-hydroxo dimeric iron salan complex has been found to be an 
excellent catalyst for not only for homocoupling of 2-naphthols but also for the cross-
coupling process (Scheme 2.6).78 A radical/anion mechanism for coupling has been 
proposed on the basis of kinetics and non-linear effect studies and the catalytic 
performance of an intermediate (A). The presence or absence of an inter-ligand steric 
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Scheme 2.6. Cross-Selective Fe(Salan)-Catalyzed Aerobic Oxidative Coupling of 2-
Naphthols 
 
2.5. Aims of the study 
The principal goals of this research project are the development of catalysts for 
the regioselective oxidative couplings of phenols. The development of the catalysts 
focuses mainly on metallosalen/salan complexes, including Fe, Ru, V, Cu, Mn, Cr and 
Co metals. This catalyst framework was chosen because (a) the ligand structure are 
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metallocomplexes have been shown to undergo oxidation with O2, the oxidant of choice 
due to low cost and compatibility with phenols. 
 As there are many unknown factors for the regioselective phenol oxidative 
coupling, we elected to conduct high-throughput experimentation (HTE). The goal was to 
identify inexpensive catalysts (less than 5 mol%) for problematic substrates using air or 
O2. High-throughput experimentation (HTE) is a paradigm-changing technology that 
allows for simultaneous assessment of different reaction conditions by means of 24- or 
96-well reaction plates and automated screening of the reaction products.82 This strategy 
goes beyond typical hit-and-miss approaches since it enables one to obtain data from 
dozens of reactions at one time. One nice feature of HTE methodology is that the 
products of the reactions can be examined by LC-MS, which gives some inside 
information about new coupling and side products. The goal of HTE is not to reduce the 
number of experiments (in contrast, this number may well increase) but to carry 
experiments at a faster rate and in parallel, significantly reducing the time spent on 
optimizing reaction conditions.  
Our approach using HTE to explore the reactivity of these catalysts toward 
oxidative couplings includes:  
(a) Identifying lead substrates that give multiple regioisomers. 
(b) Using HTE to evaluate the reactivity of salen/salan catalysts toward each 
substrate. 
(c) Verifying the HTE result by scaling up reactions that provided good reactivity 
and selectivity in microscale. 
 !"#
(d) Optimizing reaction parameters to achieve the best reactivity and 
regioselectivity.  
2.6. Results and Discussion 
2.6.1. Catalyst and Substrate Syntheses 
 Many salicylaldehyde precursors for the synthesis of salen/salan complexes are 
commercially available. To allow the study of the electronic effect of the complexes in 
catalytic phenol oxidative coupling, the strong electron withdrawing nitro group was 
incorporated (Scheme 2.7).  The nitro derivative was synthesized by the formylation of 
tert-butylphenol, followed by the nitration. 
Scheme 2.7. Synthesis of Nitrosalicylaldehyde 
 
 In collaboration with Carilyn Torruellas, two types of metal complexes were 
synthesized: metallosalen complexes and metallosalan complexes. Salen ligands were 
prepared from the condensation of diamines and either di-tert-butyl salicylaldehyde or 
the nitro derivative (Table 2.2). Subsequent reduction by NaBH4 yielded the 
corresponding salan ligand. These ligands were used in complexation with different 
sources of metal salts to afford a total of 45 catalysts.83-85 The catalysts were characterized 















Table 2.2. Metallosalen/salan Complex Syntheses 
  
Metal Ligand L1 L2 Conditions 
Fe Salen/salan Cl - FeCl3 
Ru! Salen/salan! NO! Cl Ru(NO)(H2O)Cl3!











Mn! Salen/salan! Cl! - Mn(OAc)2•H2O, air ,  NaCl (workup)!
Cr Salen/salan - - CrCl2 
Co Salen - - Co(OAc)2•4H2O 
 
The study commenced with commercially available substrates.  Additional 
substrates were prepared by known methods utilizing Buchwald palladium-catalyzed 


































R = H, -(CH2)4-, Ph





 M-Salen/Salan-R   (R1 = t-Bu)
M-Salen/Salan-R-NO2  (R1 = NO2)
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Scheme 2.8. Substrate Syntheses 
 
2.6.2. Conventional Oxidant Screening 
The phenols to be examined are broken down into groups based on the 
regioisomers formed (Scheme 2.9). Group I are compounds which have unsubstituted 
ortho- and para-positions. These compounds may form ortho-ortho, para-para or ortho-
para products. Group II compounds which have a substituent at the para-position and 
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R = Ph: 50% yield
R = Et: 85% yield
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Scheme 2.9 Substrates for the Phenol Oxidative Coupling 
 
Phenol substrates were tested with conventional oxidants including (t-BuO)2, Mn(OAc)3, 
Ag2CO3, K3Fe(CN)6, MnO2, NaClO, PhI(OAc)2 (Table 2.3, also see Section 2.2). These 
data represent the best results of each phenol toward oxidative coupling processes with 
the oxidants. This investigation revealed low reactivity toward conventional oxidants and 



























































2.1 2.2 2.3 2.4 2.5
2.6 2.7 2.8 2.9 2.10
2.11 2.12 2.13 2.14
2.15 2.16 2.17 1.18
2.19 2.20 2.21
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Table 2.3. Conventional Oxidant Screening 
 
Entry Substrate Oxidant T (°C) t Product Yield (%) 
1 2.1 (t-BuO)2 140 2 d o-o 15 
     o-p 5 
2 2.2 (t-BuO)2 140 2 d o-o 20 
3 2.3 (t-BuO)2 140 4 d o-o 55 
4 2.4 MnO2 80 -- decomp.  
5 2.12 (t-BuO)2 140 4 d o-o 30 
6 2.13 Ag2CO3 80 4 d o-o 19 
7 2.14 PhI(OAc)2 80 2 d NR -- 
8 2.15 (t-BuO)2 140 -- decomp. --- 
9 2.16 PhI(OAc)2 80 2 d o-o 5 
     PK 10 
10 2.19 MnO2 80 2 d PK 20 
2.6.3. Catalyst Screening Using High Throughput Experimentation 
From the investigation of other members in the Kozlowski laboratory (Scott 
Allen, Young Eun Lee, Dr. Sangeeta Dey), oxygen is the best terminal oxidant for metal-
catalyzed phenol oxidative coupling. Other oxidants such as air, tert-butylhydroperoxide 
and hydrogen peroxide resulted in slow reactions, decomposition or formation of 
quinones.  
A large set of reactions with selected substrates and salen/salan catalysts were 
examined under an oxygen atmosphere, using HTE screening. The parallel experiments 


























of substrate per reation, 100 µL of dichloroethane as the solvent, 5-30 mol% catalyst). 
Some catalysts were dosed as a well-stirred slurry in the desired reaction solvent using a 
single-tip pipettor with the sampling tip cut to allow free flow of the slurry, while others 
were added as homogeneous solutions in dichloroethane. The reaction plate was then 
purged and continuously back filled with oxygen using a desiccator fixed with a T valve 
for 3-5 minutes.  The reactions were sealed and heated at 40-85 °C, depending on 
substrate for 16-48 hours. For each substrate, 32-40 structurally diverse catalysts were 
screened. The products from each screen were then analyzed against an internal standard 
of either biphenyl or di-tert-butyl biphenyl (10 mol%), using HPLC analysis. The 
product/internal standard ratio would show the conversion of the starting material to the 
coupling products. 
Table 2.4 lists the top potential catalysts for the regioselective oxidative couplings 
of phenols, analyzed from the screening results. As these reaction conditions are not 
optimized, some of the screening results are low in conversion, compared to the internal 
standard. Regardless, these results sufficiently allow selection of catalysts for further 
optimization for given substrates. 
Table 2.4. Initial HTE Results 
Entry Substrate Conditions Major product Catalyst Prod/IS 
1  
2.2 
20 mol% cat. 
O2, DCE 











20 mol% cat. 
O2, DCE 

















20 mol% cat. 
O2, DCE 











20-30 mol% cat. 
O2, DCE 

























5 mol% cat. 
O2, DCE 












20 mol% cat. 
O2, DCE 











30 mol% cat. 
O2, DCE 
























5 mol% cat. 
O2, DCE 




















5 mol% cat. 
O2, DCE 
80 ° C, 48 h 























20 mol% cat. 
O2, DCE 










20 mol% cat. 
O2, DCE 








2.6.4. Optimization Process 
One way to analyze the HTE results is shown in Figure 2.6. This graph displays 
the performance of a number of complexes in the regioselective coupling of phenols. Of 
three substrates shown in Figure 2.6, 4,5-dimethyl-2-tert-butylphenol (2.23) was used as 
a standard to test the reactivity of the catalyst array. Previous studies by Scott Allen and 
Dr. Joshua Dickstein have revealed that this phenol only give one ortho-ortho coupled 
product with vanadium catalysts. Most of the catalysts exhibited good reactivity in this 
test reaction. The reactivity level of catalysts is encouraging and confirmed that the 
phenol coupling could be carried out at the microscale under an oxygen atmosphere and 
that the catalysts are sufficiently active.  The chromium, vanadium and ruthenium 
catalysts seemed to have good reactivity at this scale toward 3,5-dimethoxy-4-
methylphenol (2.19). Moreover, there are some vanadium catalysts that show good 
reactivity to effect selective ortho-ortho coupling  of 2-naphthylamine to give BINAM 
(2.13 o-o). This result is interesting because BINAM is usually made via a multiple-step 
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Some of the best results for BINAM were investigated on a larger scale. The 2-
naphthylamine has been shown to also generate carbazole, through an oxidation-
elimination pathway.88 Among vanadium salen/salan complexes, V-Salan-Cy gave the 
highest yield of BINAM, with no carbazole formation. Upon increasing temperature and 
reaction time, the yield of BINAM was increased to 90% (Equation 2.1). This method 
which avoids multi-step synthesis can be used as an alternative method for the 
construction of BINAM. 
Equation 2.1 
 
From a previous study conducted by Rosaura Padilla of the Kozlowski group, 3,5-
dimethoxy-4-methylphenol (2.19) was found to form not only the ortho-ortho product but 
also Pummerer ketone. Thus, the generation of both products from the catalyst system 
were compared in the HTE results (Figure 2.7). Most reactions gave greater amounts of 
ortho-ortho compound than Pummerer ketone, leading to the possibility of locating the 
conditions for selective generation of ortho-ortho product. However, it was not clear 
which conditions would selectively produce Pummerer ketone. From the initial screen, 
the best regioselectivity results were with the Cu-Salan-H catalyst for the ortho-ortho 





DCE , O2, 
80-100 °C, 3.5 d
90%
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Figure 2.7. HTE Results of 3,5-Dimethoxy-4-methylphenol 
 
 
 Optimization of temperature resulted in better yield and selectivity (Scheme 2.10). 
The ortho-para coupling, followed by the enolization and conjugated addition accounts 
for the generation of Pummerer ketone (2.19 PK).  
30 mol% catalyst, O2




















Pummerer ketone (2.19 PK)
2.19
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Scheme 2.10. Regioselective Oxidative Coupling of 3,5-Dimethoxy-4-methylphenol 
 
HTE screening hits were further optimized by examining various solvents (PhCl, 
toluene, DCE, benzene) and additives [Yb(OTf)3, molecular sieves, i-Pr2NEt, tartaric 
acid, TBSOTf] that had proven to be effective for the phenol coupling in previous studies 
in the Kozlowski laboratory. A representative example of this HTE screening procedure 
is shown in Figure 2.8. The parallel oxidative coupling of 3,5-dimethylphenol (2.2) was 
conducted using a 24-well plate with 1 mL reaction vials (5 mol% V-Salan-Cy, O2, 
solvent and 5 mol% additive). This screen identified that Yb(OTf)3 is an effective 
additive, especially when used in PhCl solution, for the ortho-ortho coupling of phenol 
2.2. These optimized reaction conditions also proved to be scalable, generating the 
coupling product in 74% yield (Equation 2.2). 






















































Nucleophilic solvents such as methanol have been shown to promote radical-
cation oxidations by trapping the intermediate quinone as a dimethyl acetal (Scheme 
2.11).89 The subsequent arylative rearomatization results in the formation of dimers. 
However, in the case of the V-Salan-Cy catalyst, methanol completely suppressed 
coupling most likely due to competitive coordination at the vanadium center. The 
addition of methanol also rendered the complex less soluble in dichloroethane. Other 
attempts such as replacing molecular oxygen with TEMPO,90 or using the radical-cation 

















Scheme 2.11. Methanol Addition in Oxidative Coupling 
 
Other optimization results are shown in Table 2.5. Although it is possible to 
selectively couple phenols to generate ortho-ortho or Pummerer ketone product with a 
particular catalyst, there is no catalytic system that exhibits universal regioselectivity 
either for the ortho-ortho product or Pummerer ketone across multiple substrates. Minor 
substitution changes on the benzene ring (Me vs. Et vs. Ph; Scheme 2.10 and Table 2.5, 
entries 1-2) required different catalysts. Over all, no unified principle has yet been 
identified that can be used to foresee the outcome of a given phenol coupling reaction  
Table 2.5. Regioselective Oxidative Coupling Results 
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55% (2.20 PK) 
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5 mol% Cu-Salan-Cy 
O2, DCE, rt, 24 h 
 
 







5 mol% Ru-Salen-H-NO2 
O2, 4Å MS, C6H5CF3  
70 °C, 2 d 
  
70% (2.12 o-o) 
2.6.5. Challenges in Regioselective Oxidative Couplings of Phenols 
In screening substrates for the phenol oxidative coupling, we have come across a 
number of limitations. There are some substrates, for which the catalysts effect no control 
over the regioselectivity (Figure 2.9). Rather than under going oxidative coupling, these 
compounds tend to decompose or do not react at all. With an electron-withdrawing 
group, compound 2.11 is resistant to oxidation even when temperature was elevated to 
90-100 °C. Electron-rich phenols 2.6 and 2.7 are easily oxidized to quinones, which are 
yellow on a TLC plate. The alkylphenols 2.1, 2.3 and 2.4 with unhindered ortho- or para-























Figure 2.9. Challenging Substrates 
 
Another obstacle to the regioselective coupling is that electron-rich substrates 
tend to give multiple products, depending on the catalyst system and temperature. For 
example, oxidation of 3,5-dimethoxy-4-ethylphenol (2.20) gave five products (Table 2.6). 
The following observations highlight the complexities of the product mixture obtained. 
The hydroxy hexadienone E has a tendency to form at low temperature (-5 °C – rt, entries 
1, 4 and 6). Both Pummerer ketone C and the phenoxy hexadienone B were found in 
coupling conditions using copper and manganese catalysts at 0 °C or room temperature 
(entries 1-5). Higher temperature led to the formation of quinone, the decomposition of 
coupling product or starting material (entries 1 and 7).  Interestingly, isolated compound 
B undergoes thermal rearrangement to generate ortho-ortho coupling product A at 45-50 
°C (Equation 2.3). This rearrangement explains why compound B is not observed at 




















Table 2.6. Mixed Products of Oxidative Coupling of Phenol 2.20 
 









0 : 0 : 0 : 0 : 1 
0 : 1 : 0 : 0 : 1 
0 : 0 : 0 : 1 : 1 
 




0 : 1 : 0 : 0 : 1 
 
3 Cu-Salan-Ph rt 
 
0 : 1 : 1 : 3 : 0 
 
4 Mn-Salan-Ph –5 
0 
 
0 : 0 : 0 : 0 : 1 
0 : 1 : 1 : 0 : 0 
 
5 Mn-Salan-Cy rt 
 
0 : 1.3 : 1 : 1.3 : 0 
 
6 Ru-Salen-H 0 
 
0 : 0 : 0 : 0 : 1 
 













































2.6.6. Substitution Effect on Phenol Reactivity 
It is clear that the reactivity of phenols to oxidative coupling depends on the 
substitution pattern of the phenol. This could presumably correlate to the oxidation 
potential of the phenols. The oxidation potentials of the phenols were then investigated, 
using cyclic voltammetry. The cyclic voltammetry experiments were performed using 
ferrocene as the internal standard, platinum electrodes, and tetrabutylammonium 
hexafluoride phosphate as the electrolyte in a solution of acetonitrile. The ferrocene 
standard is in the same concentration as the phenol substrate. As shown in Figure 2.10, 
the measured phenol oxidation potentials vary from 1.080 to 1.392 V. The higher the 
potential is, the more difficult it is to oxidize the phenol. However, there is no obvious 
correlation between the measured oxidation potentials and the reactivities of the phenols. 
2,5-Dimethylphenol (2.3) has the highest oxidation potential but it reacts quickly with the 
oxidizing catalysts surveyed. Conversely, tetrahydronaphthol (2.12) has low oxidation 
potential compared to others but only small amounts of oxidation products are observed, 
even at 80 °C. The phenols with two meta-substituents 2.5, 2.7 and 2.2 are well behaved 



















Figure 2.10. Phenol Oxidation Potentials vs. Reactivities 
 
 For further investigation of substitution effect on phenol reactivity, phenol 
substrates were subjected to the same reaction condition, using the Co-Salan-Cy catalyst, 
shown to primarily give quinone products (Figure 2.11).74 2,5-Dimethylphenol was 
quickly converted to quinone in 36 h (entry 1). The larger ortho-substituent (tert-butyl 
group) on substrate 2.4 inhibited this process slightly (entry 2). The more substituted 
substrate 2.5 is less prone to oxidation (entries 1-2 and 5). Electron-rich phenol 2.6 was 
oxidized faster than 2,5-dimethylphenol 2.3 (entry 1 and 4). Lastly, the higher isolated 
yield of 2-methoxy-5-methylphenol 2.6 (86%, entry 4) compared to the 3-methoxy 
derivative 2.7 (86%, entry 3) indicates that the position of the substituted group does 
affect the reactivity. Overall, less hindered substrates were identified that shifted the 
reactivity from phenol coupling to quinone formation. 
Figure 2.11. Substitution Effect on Reactivity of Phenols 
 
Entry Substrate t Quinone Yield (%) 
1  
2.3 














Easiest Hardest to be oxidized catalytically
1.195 V 1.227 V 1.080 V 1.155 V 1.245 V1.095 V1.392 V




O R5 mol% Co-Salen-Cy









48 h  77 
3  
2.7 
36 h  50 
4  
2.6 
36 h  86 
5  
2.5 
48 h  74 
 
2.6.7. Substitution Effect on Catalyst Reactivity 
The electronic effects of the salen ligands on the oxidation capacity of catalysts 
have been studied mostly for the epoxidation of alkenes92 and the oxygenation of sulfides 
and sulfoxides.93 Electron-withdrawing substituents on the catalyst are expected to 
destabilize the metal intermediate, which promotes the reactivity of catalysts. In line with 
this hypothesis, incorporation of the nitro group on the salen scaffold did enhance the 
reactivity of Ru-Salen-H catalyst, which resulted in higher yield of ortho-ortho product 
(70% vs. 60%) in shorter reaction time and lower temperature (Table 2.7, entries 1-2). 
However, this trend is not always true because replacing the tert-butyl substituent with a 
nitro group on the V-Salan-Cy scaffold led to the decomposition of phenol starting 
material (entries 3-4) or the formation of the carbazole side product (entries 8-9). 
In terms of steric effects, the presence of bulky substituents on the diamine 

























afforded 51% yield of ortho-ortho product (BINAM) while the phenyl derivative 
provided 64% yield (entries 6-7). Significant improvement with the V-Salan-Cy (entry 8) 
suggests that a less flexible metal complex somehow prevents the catalyst degradation. 
This trend was observed with the copper catalyst as well (entries 11-13). Lastly, the salan 
scaffold seems to give a better yield than salen ligand (entries 10-11). 
Table 2.7 Substitution Effect on the Reactivity of Catalysts 
 
Entry Substrate Condition Catalyst Result 
1 
2  
4Å MS, C6H5CF3 
Ru-Salen-H 
Ru-Salen-H-NO2 
60% o-o (4.5 d, 80 °C) 




Yb(OTf)3, PhCl, 80 °C 
 































































2.6.8. Oxidative Cross Coupling of Phenols  
As a Fe(salan) complex has been reported to facilitate the cross coupling process 
of naphthols,78 we attempted to use salen/salan complexes to cross couple different 
phenol substrates (Scheme 2.12). Thus, a mixture of 3,5-dimethylphenol and 3-methyl-5-
methoxyphenol was subjected to the oxidative coupling using V-Salan-Cy catalyst. This 
is the optimized condition for homocoupling of 3,5-dimethylphenol. Unfortunately, the 
combination of two phenols only led to the decomposition of the starting material. 
Scheme 2.12. Cross Coupling of Phenols 
 
Cross coupling of a mixture of two phenols that have similar properties was 
attempted by using two catalysts (Scheme 2.13). The vanadium and ruthenium complexes 
are optimized for the homocoupling of 3,5-dimethylphenol and tetrahydronaphthols, 
respectively. Phenol 2.12 underwent homocoupling to form ortho-ortho product in 50% 




























Scheme 2.13. Cocatalyst in Cross Coupling of Phenols 
 
2.7. Conclusion 
A general procedure to identify regioselective catalysts for  oxidative coupling of 
phenols was devised. This procedure illustrates the benefit of high-throughput 
experimentation, to accelerate the process from discovery to optimization and 
implementation. Certain successful oxidative couplings of phenols have been achieved in 
selective generation of ortho-ortho products of disubstituted alkyl phenols and 2-
naphthylamine or Pummerer ketone products from para-substituted phenols. Aside from 
these accomplishments, there are still many substrates requiring further study. Future 
goals are to identify families of oxidants applicable to many substrates (including cross-
coupling of different substrates), to draw out general trends, and to study the mechanisms 
to understand and predict selectivity. 
2.8. Experimental Section 
General Considerations: Unless otherwise noted, all non-aqueous reactions were 


























and reagents were dried prior to use. THF was distilled from sodium benzophenone ketyl. 
CH3CN, CH2Cl2, TMEDA, and toluene were distilled from CaH2. 2-Ethyl-1,3-
dimethoxybenzene was prepared following the literature protocols.94 High throughput 
experimentation was performed at the Penn/Merck High Throughput Experimentation 
Laboratory at the University of Pennsylvania. The screens were analyzed by HPLC with 
addition of an internal standard. 
Analytical thin layer chromatography (TLC) was performed on EM Reagents 0.25 
mm silica-gel 254-F plates. Visualization was accomplished with UV light. 
Chromatography was performed using a forced flow of the indicated solvent system on 
EM Reagents Silica Gel 60 (230-400 mesh). When necessary, the column was pre-
washed with 1% Et3N in the eluent system. 1H NMR spectra were recorded on Bruker 
AM-500 (500 MHz) spectrometer. Chemical shifts are reported in ppm from 
tetramethylsilane (0 ppm) or from the solvent resonance (CDCl3 7.26 ppm, THF-d8 3.58 
ppm, acetone-d6 2.05 ppm). Data are reported as follows: chemical shift, multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), coupling constants, 
and number of protons. Decoupled 13C NMR spectra were recorded on Bruker AM-500 
(125 MHz) spectrometer. IR spectra were taken on a Perkin-Elmer FT-IR spectrometer 
using a thin film on NaCl plate. Mass spectra were obtained on a low resolution 
Micromass Platform LC in electrospray mode and high resolution VG autospec with an 
ionization mode of either CI or ES. Melting points were obtained on Thomas Scientific 
Unimelt apparatus and are corrected.  
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Preparations of Phenol Substrates86,87 
 
2,3-Dihydrobenzofuran-5-ol (2.22). A 5 mL microwave vial with a plastic screwcap top 
and Teflon septa containing a stir bar was charged with the 5-bromo-2,3-
dihydrobenzofuran (300mg, 2.2 mmol), Pd2(dba)3 (2 mol% Pd), XPhos (4 mol%), KOH 
(4.0 equiv) and H2O:dioxane (1:1, 1.5 mL). The tube was evacuated and backfilled with 
argon.  The mixture was stirred in a preheated oil bath (85 °C) in 18 h. The reaction 
mixture was cooled to room temperature and acidified with HCl 1M. The resultant 
mixture was extracted with ethyl acetate. The separated organic layer was dried over 
anhydrous Na2SO4, and concentrated. The material was purified by column 
chromatography on silica gel using 15% ethyl acetate/hexane to afford 2,3-
dihydrobenzofuran-5-ol (2.22) as a white resin in 85% yield. 1H NMR matches the 
reported compound.95 
 
Dimethoxybenzene (3 mmol), [Ir(COD)(OMe)]2 (2 mol% Ir), 4,4´-di-tert-butyl-2,2´-
bipyridine (2 mol%), B2Pin2 (1 equiv), and THF (20 mL) were added to a reaction vessel 
equipped with a vacuum valve. The reaction vessel was sealed and stirred at 80 °C under 
Argon for 40 h.  The reaction mixture was then cooled to room temperature, and the 




5% Pd2(dba)3, Me4XPHOS, 









t-Bu2Py2, THF, 80 °C
2. H2O2, NaOH, THF






The unpurified arylboronate ester was added to a solution of NaOH 10% (6 mL) in 
THF:MeOH (1:2, 30 mL). Hydrogen peroxide 30% (3 mL) was added dropwise at 0 °C 
and the mixture was stirred for 1 h. The reaction was quenched with saturated NaHCO3, 
and extracted with CH2Cl2. The combined organic layer was washed with brine, dried 
over Na2SO4, and concentrated under vacuum. The material was purified by column 
chromatography on silica gel using 30% ethyl acetate/hexane to afford the phenol 
product. 
4-Ethyl-3,5-dimethoxyphenol (2.20). White solid, 85% yield over 2 steps. 1H NMR 
matches the reported compound.96 
2,6-Dimethoxy-[1,1'-biphenyl]-4-ol (2.21). White solid, 50% yield over 2 steps; mp 
157-158 °C; 1H NMR (500 MHz, CDCl3) ! 7.40-7.37 (m, 2H), 7.32-7.28 (m, 3H), 6.16 
(s, 2H), 4.77 (bs, 1H), 3.69 (s, 6H); 13C NMR (125 MHz, CDCl3)  ! 158.6, 156.6, 134.2, 
131.4, 127.9, 126.8, 112.5, 92.4, 56.1; IR (film) 3314, 2921, 2840, 1597, 1470, 1420, 
1212, 1125 cm-1; HRMS (ES) m/z = 231.1021 calcd for C14H15O3 [MH]+, found 231.1023. 
Preparation of Salen/Salan Ligands 
 
General Procedure for the Preparation of Salen Ligands 
The substituted salicylaldehyde (4.5 mmol) and the diamine (2 mmol) were stirred at 
ambient temperature in MeOH:EtOH (1:1) (10–20 mL) for 12-24 h under an Ar 
























recrystallized using a 1:1 mixture of methanol and ethyl acetate to yield the salen ligand 
as a yellow solid. 
General Procedure for the Reduction of Salens to Salans 
To a solution of the salen in THF:MeOH (1:1), sodium borohydride (10 equiv) was 
slowly added. The mixture was stirred at room temperature for 2 h (with a change of the 
solution color from yellow to colorless, except in the cases of nitro derivatives). The 
mixture was quenched with water and extracted with dichloromethane. The combined 
organic layers were washed with brine, dried over Na2SO4, filtered and concentrated to 




Following the general procedure, the salen ligand was obtained as a yellow resin: 1H 
NMR (500 MHz, CDCl3) ! 15.13 (s, 2H), 8.36 (s, 2H), 8.19 (d, J = 2.5 Hz, 2H), 8.00 (d, 
J = 2.5 Hz, 2H), 7.31-7.25 (m, 10H), 4.92 (s, 2H), 1.44 (s, 18H); 13C NMR (125 MHz, 
CDCl3)  ! 166.6, 166.0, 139,7, 139.1, 138.0, 128.9, 128.4, 127.9, 126.4, 125.4, 117.3, 
79.2, 35.4, 29.0; IR (film) 2961, 1614, 1528, 1475, 1454, 1438, 1326, 1202, 1179, 1109, 











(tert-butyl)-4-nitrophenol). Following the general procedure, the salen ligand was 
obtained as a yellow resin: 1H NMR (500 MHz, CDCl3) ! 15.13 (s, 2H), 8.35 (s, 2H), 
8.14 (d, J = 3.0 Hz, 2H), 7.99 (d, J = 3.0 Hz, 2H), 3.48-3.47 (m, 2H), 2.10-2.07 (m, 2H), 
1.97-19.6 (m, 2H), 1.81-1.79 (m, 2H), 1.60-1.55 (m, 2H), 1.40 (s, 18H); 13C NMR (125 
MHz, CDCl3)  ! 167.4, 164.8, 139.8, 138.9, 126.4, 125.3, 117.1, 71.6, 35.4, 32.7, 29.1, 
24.2; IR (film) 2942, 1614, 1474, 1327, 1284, 1202, 1108 cm-1; HRMS (ES) m/z = 
525.2713 calcd for C27H37N4O6 [MH]+, found 525.2709. 
 
6,6'-((Ethane-1,2-diylbis(azanediyl))bis(methylene))bis(2-(tert-butyl)-4-nitrophenol). 
Following the general procedure, the salan ligand was obtained as a yellow resin: 1H 
NMR (500 MHz, CDCl3) ! 8.13 (d, J = 2.5 Hz, 2H), 7.82 (d, J = 2.5 Hz, 2H), 4.09 (s, 
4H), 2.99 (s, 4H), 1.40 (s, 18H); 13C NMR (125 MHz, CDCl3)  ! 163.8, 139.8, 138.2, 
122.9, 122.8, 121.9, 52.7, 47.7, 35.2, 29.3; IR (film) 3289, 2951, 1588, 1483, 1334, 1262, 


























butyl)-4-nitrophenol). Following the general procedure, the salan ligand was obtained as 
a yellow solid: mp 127-128 °C; 1H NMR (500 MHz, CDCl3) ! 8.10 (d, J = 2.7 Hz, 2H), 
7.59 (d, J = 2.7 Hz, 2H), 7.27-7.25 (m, 6H), 6.97-6.95 (m, 4H), 3.98 (s, 2H), 3.95 (d, J = 
14.0 Hz, 2H), 3.69 (d, J = 14.0 Hz, 2H), 1.41 (s, 18H); 13C NMR (125 MHz, CDCl3)  ! 
163.6, 139.8, 138.2, 136.8, 129.1, 128.7, 128.0, 123.0(2), 122.4, 66.7, 50.3, 35.3, 29.3; IR 
(film) 3308, 2959, 2911, 1618, 1589, 1518, 1455, 1433, 1393, 1361, 1334, 1266, 1201, 
1171, 1105 cm-1; HRMS (ES) m/z = 627.3183 calcd for C36H43N4O6 [MH]+, found 
627.3193. 
Other salen and salan ligands were prepared according to literature protocols. 
 
Ligand R R1 Reference Number 
Salan H t-Bu 97 
Salan Ph t-Bu 98 
Salan Cy t-Bu 99 
Salan Cy NO2 100 
Salen H t-Bu 101 
Salen Ph t-Bu 102 
Salen Cy t-Bu 102 












Preparation of Metallosalen/salan Complexes 
 
General Procedure for Preparation of Vanadium Catalysts104 
To a suspension VOF3 (1 equiv) in dichloromethane (0.14 M), a solution of the 
salen/salan ligand (1 equiv) in dichloromethane (0.16 M) was added. The reaction 
mixture was stirred for 2 h at room temperature under an argon atmostphere. The solvent 
was then evaporated to dryness and the residue was washed with water, small amounts of 
MeOH and n-hexane, and dried under vacuum to yield the vanadium complex. 
V-Salen-Ph: Dark green solid; HRMS (ES) m/z = 709.3574 calcd for C44H54N2O3V [M-
F]+, found 709.3582. 
V-Salan-H: Dark green solid; HRMS (ES) m/z = 561.3261 calcd for C32H50N2O3V [M-
F]+, found 561.3257. 
V-Salan-Ph: Dark green solid; HRMS (ES) m/z = 713.3887 calcd for C44H58N2O3V [M-
F]+, found 713.3874. 
V-Salan-Cy: Dark green solid; HRMS (ES) m/z = 615.3731 calcd for C36H56N2O3V [M-
F]+, found 615.3723. 
V-Salan-Cy-NO2: Dark green solid; HRMS (ES) m/z = 593.2180 calcd for C28H38N4O7V 



















R = H, -(CH2)4-, Ph





 M-Salen/Salan-R   (R1 = t-Bu)
M-Salen/Salan-R-NO2  (R1 = NO2)
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General Procedure for Preparation of Iron Catalysts105 
To a suspension of NaH (2 equiv) at 0 ºC, a solution of the salen/salan ligand in THF 
(0.36 M) was added. The reaction mixture was heated to reflux for 2 h and cooled to 
room temperature. A solution of FeCl3 (1.1 equiv) in THF (0.72 M) was added. This 
mixture was heated to reflux for an additional 4 h. The mixture was washed with water, 
filtered and concentrated in vacuo.  
Fe-Salan-H: Purple solid; HRMS (ES) m/z = 550.3226 calcd for C32H50N2O2Fe [M-Cl]+, 
found 550.3222. 
Fe-Salan-Ph: Voilet solid; HRMS (ES) m/z = 702.3851 calcd for C44H58N2O2Fe [M-Cl]+, 
found 702.3848. 
Fe-Salan-Cy: Voilet solid; HRMS (ES) m/z = 604.3691 calcd for C36H56N2O2Fe [M-Cl]+, 
found 604.3688. 
General Procedure for Preparation of Ruthenium Catalysts106 
To a solution of the salen/salan ligand in dry DMF (0.01 M), NaH (2 equiv) was added. 
The resultant solution was stirred at room temperature for 1 h. Then a solution of 
Ru(NO)(H2O)Cl3 (1 equiv) in DMF (0.05 M) was added. This mixture was stirred for 18 
h at 130 ºC.  The solvent was evaporated under high vacuum upon cooling, and the 
residual material was chromatographed on silica (CH2Cl2/heptane/EtOAc). 
Ru-Salen-H-NO2: Brown-yellow solid; HRMS (ES) m/z = 640.0429 calcd for 
C24H28N4O6Cl2Ru [M]-, found 640.0443. 
Ru-Salan-Ph: Brown-red solid; HRMS (ES) m/z = 814.3288 calcd for C44H59N3O3ClRu 
[MH]+, found 814.3287. 
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Ru-Salan-Cy: Brown-red solid; HRMS (ES) m/z = 716.3132 calcd for C36H57N3O3ClRu 
[MH]+, found 716.3134. 
General Procedure for Preparation of Copper Salen Catalysts107 
To a solution of the salen ligand in toluene (0.12 M), a solution of CuCl2 (1 equiv) in dry 
ethanol (0.12 M) was added. The reaction mixture was heated to reflux until a precipitate 
appeared. The precipitate was collected and dried over vacuum. 
Cu-Salen-Ph: Orange solid; HRMS (ES) m/z = 706.3560 calcd for C44H55N2O2Cu [MH]+, 
found 716.3549. 
General Procedure for Preparation of Copper Salan Catalysts107 
To a solution of salan ligand in methanol (0.0312 M), Cu(OAc)2•H2O (1 equiv) and 
powdered NaOH (2 equiv) were added. Once the salts had dissolved, the solvent was 
evaporated. The solid residue was dissolved in dichloromethane and washed with water. 
The solution was dried over Na2SO4, filtered and concentrated in vacuo. 
Cu-Salan-Ph: Orange solid; HRMS (ES) m/z = 710.3873 calcd for C44H59N2O2Cu [MH]+, 
found 710.3840. 
Cu-Salan-Cy-NO2: Greenish yellow solid; HRMS (ES) m/z = 590.2166 calcd for 
C28H39N4O6Cu [MH]+, found 590.2168. 
General Procedure for Preparation of Chromium Catalysts108 
The salen/salan ligand and CrCl2 (1.1 equiv) were dissolved in THF. The mixture was 
stirred under argon at ambient temperature for 24 h. Then the reaction mixture was 
exposed to air and stirred for an additional 24 h. The reaction mixture was poured into 
diethyl ether, washed with aqueous saturated NH4Cl and brine, followed by drying with 
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Na2SO4. After filtration, the mixture was concentrated in vacuo to yield the chromium 
catalyst. 
Cr-Salan-Ph: Green solid; HRMS (ES) m/z = 762.4428 calcd for C46H66N2O4Cr 
[M+2MeOH]+, found 762.4435. 
Cr-Salan-Cy: Violet solid; HRMS (ES) m/z = 664.4271 calcd for C38H64N2O4Cr 
[M+2MeOH]+, found 664.4261. 
General Procedure for Preparation of Manganese Catalysts109 
To a solution of Mn(OAc)2•4H2O  (3 equiv) in ethanol, a solution of the salen/salan 
ligand in toluene (0.36 M)  was added. The mixture was heated at reflux under Ar 
atmosphere for 2 h and then air was bubbled for 1 h. Saturated aqueous sodium chloride 
wass added and the mixture was cooled to room temperature. The airflow was 
discontinued, followed by the addition of toluene.  This mixture was washed with water 
and brine. The organic layer was dried over Na2SO4, filtered and concentrated in vacuo. 
Mn-Salan-H: Brown solid; HRMS (ES) m/z = 545.2940 calcd for C32H46N2O2Mn [M-
Cl]+, found 545.2924. 
Mn-Salan-Ph: Brown solid; HRMS (ES) m/z = 697.3566 calcd for C44H54N2O2Mn [M-
Cl]+, found 697.3542. 
Mn-Salan-Cy: Brown solid; HRMS (ES) m/z = 601.3566 calcd for C36H54N2O2Mn [M-
Cl]+, found 601.3575. 
General Procedure for Preparation of Cobalt Catalysts110 
A solution of cobalt(II) acetate tetrahydrate (1.2 equiv) in MeOH (1M) was added to a 
solution of  the salen/salan ligand in CH2Cl2 (0.3 M) under Ar atmostphere. A brick-red 
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solid began to precipitate. The sides of the reaction flask were rinsed with MeOH and the 
mixture was allowed to stir for 15 min at room temperature and then 30 min at 0 °C. 
Precipitated solids were isolated by vacuum filtration and rinsed with cold MeOH. The 
red solid was collected and dried in vacuo. 
Co-Salan-Cy: HRMS (ES) m/z = 607.3674 calcd for C36H56N2O2Co [M]+, found 
607.3691. 
Other metallocomplexes were prepared according to the literature protocols. 
Catalyst Reference Number  Catalyst Reference Number 
Cr-Salan-H 111  V-Salan-Cy 112 
Cr-Salen-H 113  V-Salen-H 114 
Cr-Salen-Ph 115  V-Salen-Cy 116 
Cr-Salen-Cy 117  Cu-Salan-H 118 
Mn-Salen-H 119  Cu-Salan-Cy 107 
Mn-Salan-Ph 120  Cu-Salen-H 121 
Co-Salen-H 123  Cu-Salen-Cy 107 
Co-Salen-Ph 122  Pd-Salen-H 124 
Co-Salen-Cy 123  Pd-Salen-Cy 124 
Ru-Salen-H 125  Fe-Salen-H 126 
Ru-Salen-Ph 127  Fe-Salen-Cy 128 
Ru-Salen-Cy 129    
 
General Procedure for High Throughput Experimentation   
The following procedure is a representative of the HTE screening. The solutions of 
catalysts (2 µmol, 50 µL) in DCE and the solutions of 3,4-dimethylphenol (10 µmol, 50 
µL) in DCE were dosed into the 96-well plate reactor vials. The reaction plate was then 
purged and continuously back-filled with oxygen using a desiccator fixed with a T-valve 
for 3-5 min.  The plate was sealed and stirred at 75 °C for 24 h. After cooling to ambient 
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temperature, the vials were diluted with a solution of biphenyl (1 µmol, 500 µL) in 
MeCN and then sealed. The contents were shaken for 15 min. To a separate 96-well LC 
plate with 1 mL vials were added 700 µL of MeCN, and then 40 µL of the diluted 
reaction mixtures. The mixture was then analyzed using Agilent Chemstation on an 
HPLC modified with a 96-well plate auto-sampler. 
 











20 mol% cat., O2



















Table 2.8. HTE Results of 3,5-Dimethylphenol 
Vial M Ligand R SM O-O product IS Prod/IS 
E1 Cr Salan Cy 1157 0 245 0.0 
E2 Cr Salan H 1017 0 213 0.0 
E3 Cr Salan Ph 1120 0 242 0.0 
E4 Cr Salen Cy 154 0 456 0.0 
G1 Cr Salen H 138 15 355 0.0 
E5 Cr Salen Ph 507 33 279 0.1 
G2 Cu Salan Cy 1182 0 242 0.0 
G3 Cu Salan H 1138 12 240 0.1 
E6 Cu Salan Ph 1139 0 239 0.0 
E7 Cu Salen Cy 1204 0 239 0.0 
E8 Cu Salen H 1195 9 237 0.0 
E9 Cu Salen Ph 1258 0 240 0.0 
G4 Fe Salan Cy 1185 9 247 0.0 
G5 Fe Salan H 1257 0 254 0.0 
E11 Fe Salan Ph 1212 9 252 0.0 
E12 Fe Salen Cy 1207 0 232 0.0 
F1 Fe Salen H 1169 0 235 0.0 
F2 Fe Salen Ph 1153 0 234 0.0 
G7 Mn Salan Cy 1095 34 246 0.1 
F3 Mn Salan H 1141 0 249 0.0 
G6 Mn Salan Ph 1162 16 246 0.1 
F4 Mn Salen Cy 1145 0 231 0.0 
F5 Mn Salen H 1172 0 234 0.0 
F6 Mn Salen Ph 1133 0 229 0.0 
E10 Pd Salen H 1101 74 239 0.3 
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F7 Ru Salan Cy 549 64 217 0.3 
G8 Ru Salan H 774 80 242 0.3 
F8 Ru Salen Cy 1022 40 230 0.2 
F9 Ru Salen H 957 69 239 0.3 
G9 Ru Salen Ph 950 54 241 0.2 
F10 V Salan Cy 726 327 234 1.4 
F11 V Salan H 1124 0 236 0.0 
G10 V Salan Ph 611 0 253 0.0 
G11 V Salen Cy 506 97 248 0.4 
F12 V Salen H 1110 26 237 0.1 
G12 V Salen Ph 833 197 239 0.8 
 
Other initial HTE results are listed in Figure 2.13. 
 
 
Entry Substrate HTE Reaction Conditions 
1  
2.1 
20 mol% cat. O2, DCE, 60 °C, 24 h 
2  
2.2 




20 mol% cat., O2, DCE, 80 °C, 24 h 
5  
2.12 
20 mol% cat., O2, DCE, 40 °C, 24 h 
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20 mol% cat., O2, DCE, 75 °C, 24 h 
9  
2.19 

















































Cr-Salan-Cy 0.00 0.00 0.22 0.00 0.00 0.00 0.00 0.18 0.45 2.46 
Cr-Salan-H 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.81 0.24 1.11 
Cr-Salan-Ph 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.64 0.35 1.59 
Cr-Salen-Cy 0.00 0.00 0.00 0.99 0.00 0.00 0.00 1.39 0.98 5.92 
Cr-Salen-H 1.15 0.04 0.00 1.82 0.00 0.00 0.00 1.28 0.76 6.08 
Cr-Salen-Ph 0.00 0.12 0.53 0.00 0.00 0.00 0.21 0.46 0.23 3.43 
Cu-Salan-Cy 0.00 0.00 0.00 0.00 0.00 0.70 0.04 2.32 0.38 7.32 
Cu-Salan-H 0.00 0.05 0.20 0.02 0.33 0.55 0.12 2.06 0.20 5.61 
Cu-Salan-Ph 0.00 0.00 0.00 0.16 0.00 0.37 0.08 0.77 0.45 6.87 
Cu-Salen-Cy 0.00 0.00 0.00 0.12 0.00 0.00 0.05 1.22 0.25 3.12 
Cu-Salen-H 0.02 0.04 0.35 0.04 0.00 0.00 0.05 1.15 0.40 0.91 
Cu-Salen-Ph 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.43 0.34 0.00 
Fe-Salan-Cy 0.00 0.04 0.00 0.08 0.00 0.00 0.16 0.00 0.38 4.32 
Fe-Salan-H 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.32 0.45 2.51 
Fe-Salan-Ph 0.00 0.04 0.00 0.04 0.00 0.00 0.15 0.53 0.36 6.34 
Fe-Salen-Cy 0.00 0.00 0.21 0.00 0.00 0.00 0.07 0.27 0.42 0.38 
Fe-Salen-H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.72 0.09 0.82 
Fe-Salen-Ph 0.00 0.00 0.00 0.00 0.00 0.13 0.07 0.22 0.05 1.20 
Mn-Salan-Cy 0.00 0.14 0.38 0.46 0.00 0.00 0.00 0.41 0.05 7.45 
Mn-Salan-H 0.00 0.00 0.45 0.00 0.00 0.25 0.00 0.96 0.75 7.31 
Mn-Salan-Ph 0.00 0.07 0.31 0.31 0.00 0.29 0.17 1.17 0.48 7.63 
Mn-Salen-Cy 0.00 0.00 0.33 0.03 0.57 0.00 0.14 0.11 0.71 4.29 
Mn-Salen-H 0.00 0.00 0.35 0.00 0.53 0.00 0.00 0.98 0.50 0.00 
Mn-Salen-Ph 0.00 0.00 0.00 0.03 0.83 0.00 0.18 2.14 0.40 3.14 
Pd-Salen-H 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0.18 0.44 0.46 
Ru-Salan-Cy 0.00 0.29 0.00 0.21 0.00 1.28 0.00 0.09 0.88 7.52 
Ru-Salan-H 0.00 0.33 0.00 0.66 0.00 0.89 0.00 0.12 1.35 7.69 
Ru-Salen-Cy 0.00 0.17 0.33 0.57 0.00 0.19 0.08 2.53 0.45 4.42 
Ru-Salen-H 0.00 0.29 0.00 0.71 0.00 0.31 0.05 1.04 0.56 8.05 
Ru-Salen-Ph 0.00 0.22 0.38 0.71 0.00 0.00 0.06 2.68 0.55 2.94 
V-Salan-Cy 0.19 1.40 0.40 1.35 0.00 0.00 0.08 2.32 1.52 7.55 
V-Salan-H 0.00 0.00 0.37 0.00 0.00 0.00 0.15 0.69 0.14 4.35 
V-Salan-Ph 0.00 0.00 0.30 0.16 0.00 0.00 0.00 2.27 0.58 5.61 
V-Salen-Cy 0.00 0.39 0.41 0.66 0.41 0.00 0.00 2.14 0.60 5.99 
V-Salen-H 0.00 0.11 0.32 0.15 3.42 0.00 0.06 0.46 0.38 4.53 
 !"#$
V-Salen-Ph 0.10 0.82 0.29 0.46 2.91 0.00 0.21 3.72 1.24 6.45 
* Value = Product/IS 
1H NMR matches with the reported compound. 
 



















Conventional Oxidation Screening 
 
Following the HTE general procedure, conventional oxidants (1 equiv) were screened, 
using one 24-well plate at 140 °C and one 96-well plate at 80°C. 




K3Fe(CN)6! aq. MeCN 80 
MnO2 DCE 80 


















































(t-BuO)2 2.24 1.92 2.62 5.44 1.55 0.00 1.49 0.04 2.00 0.00 
Mn(OAc)3 0.42 0.09 0.17 1.94 1.70 0.40 0.00 0.11 2.70 0.45 
Ag2CO3 0.11 0.00 0.00 0.50 0.17 0.91 0.00 0.06 2.58 0.08 
K3Fe(CN)6 0.06 0.00 0.13 0.27 0.25 0.00 0.00 0.12 3.13 0.42 
MnO2 0.40 0.07 0.48 2.22 0.75 0.05 0.00 0.00 5.95 0.10 
NaClO 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.27 0.07 
No oxidant 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.05 0.00 0.00 
* Value = Product/IS 
Additive Screening 
Following the HTE general procedure, various solvents (PhCl, toluene, DCE) and 
additives [Yb(OTf)3, molecular sieves, i-Pr2NEt, tartaric acid, TBSOTf] were examined, 
using  24-or 96-well plates. 
 
 















5 mol% cat. 
5 mol% additive
O2, DCE
60 ° C, 48 h
4Å MS: 100% by weight
 !"#$
















PhCF3 PhCl DCE PhCF3 PhCl DCE PhCF3 PhCl DCE PhCF3 PhCl DCE 
CF3CO2H 0.06 0.11 0.00 0.04 0.03 0.01 0.78 0.27 0.56 0.05 0.05 0.05 
Yb(OTf)3 0.08 0.09 0.06 0.03 0.02 0.00 1.49 1.94 1.16 0.00 0.00 0.00 
DIEA 0.00 0.00 0.00 0.16 0.10 0.13 0.66 0.52 0.82 0.38 0.45 0.48 
4Å MS 0.00 0.00 0.00 0.25 0.21 0.26 0.50 1.31 0.60 0.57 1.08 1.08 
D-tartaric acid 0.00 0.00 0.00 0.04 0.03 0.03 1.21 0.68 0.48 0.00 0.00 0.00 
TBSOTf 0.00 0.00 0.00 0.04 0.03 0.03 1.22 0.67 0.48 0.00 0.03 0.00 
No additive 0.00 0.00 0.00 0.16 0.11 0.07 1.17 0.49 0.35 0.15 0.27 0.23 




























General Procedure for the Regioselective Oxidative Coupling of Phenols 
 
To a 5 mL microwave vial was added 3,5-dimethoxy-4-methyl phenol (2.19) (16.8 mg, 
0.1 mmol) and Cu-A-H catalyst (2.9 mg, 0.005 mmol). The vial was sealed with a septum 
and dichloroethane (1 mL) was added. Oxygen was added via active purge. The septum 
was replaced with a crimping cap and the vessel was sealed and stirred for 56 h at 80 °C. 
The reaction mixture was concentrated in vacuo and chromatographed using 30% ethyl 
acetate/hexane to afford 2.19 o-o (white resin, 12.1 mg, 72% yield) and 2.19 PK (white 
resin, 2.9 mg, 17% yield). 
4,4',6,6'-Tetramethoxy-5,5'-dimethyl-[1,1'-biphenyl]-2,2'-diol (2.19 o-o). 1H NMR 
(500 MHz, CDCl3) ! 6.48 (s, 2H), 5.92 (bs, 2H), 3.84 (s, 6H), 3.50 (s, 6H), 2.13 (s, 6H); 
13C NMR (125 MHz, CDCl3)  ! 159.6, 156.7, 153.6, 112.5, 106.2, 97.3, 60.8, 55.9, 8.9; 
IR (film) 3389, 2936, 1609, 1465, 1402, 1190, 1154, 1117, 1061 cm-1; HRMS (ES) m/z = 
335.1495 calcd for C18H23O6 [MH]+, found 335.1491. 
1,4a,7,9-Tetramethoxy-8,9b-dimethyl-4a,9b-dihydrodibenzo[b,d]furan-3(4H)-one 
(2.19 PK). 1H NMR (500 MHz, CDCl3) ! 6.24 (s, 1H), 5.36 (s, 1H), 3.81 (s, 3H), 3.77 (s, 
3H), 3.64 (s, 3H), 3.33 (s, 3H), 3.23 (d, J = 17.0 Hz, 1H), 2.62 (d, J = 17.0 Hz, 1H), 2.08 

























Pummerer ketone (2.19 PK)
17%
 !"#$
114.1, 113.3, 111.4, 100.6, 91.1, 61.8, 56.7, 56.0, 54.6, 49.9, 39.5, 16.5, 9.7; IR (film) 
2934, 2845, 1664, 1603, 1453, 1096 cm-1; HRMS (ES) m/z = 335.1495 calcd for C18H23O6 
[MH]+, found 335.1495. 
 
Following the general procedure, using Mn-Salan-Ph catalyst at –15 °C, compounds 2.19 
PK and 2.19 OH were obtained in 65% and 20% yield respectively. 
4-Hydroxy-3,5-dimethoxy-4-methylcyclohexa-2,5-dien-1-one (2.19 OH). mp 140-
141 °C; 1H NMR (500 MHz, CDCl3) ! 5.49 (s, 2H), 3.24 (s, 6H), 1.53 (s, 3H); 13C NMR 
(125 MHz, CDCl3)  ! 171.0, 102.2, 81.0, 77.5, 56.6, 21.6; IR (film) 3178, 2941, 2847, 
1657, 1596, 1450, 1338, 1246, 1217, 1145 cm-1; HRMS (ES) m/z = 185.0814 calcd for 
C9H13O4 [MH]+, found 185.0814. 
 
4,4',6,6'-Tetramethyl-[1,1'-biphenyl]-2,2'-diol (2.2 o-o). Following the general 
procedure, using V-Salan-Cy catalyst with Yb(OTf)3 (0.5 equiv) and PhCl as the solvent, 








































5,5',6,6',7,7',8,8'-Octahydro-[1,1'-binaphthalene]-2,2'-diol (2.12 o-o). Following the 
general procedure, using Ru-Salen-H-NO2 catalyst with 4Å MS (2 equiv by weight) and 
PhCF3 as the solvent, compound 2.12 o-o was obtained as a colorless resin in 70% yield. 
1H NMR matches the reported compound.136 
 
 
[1,1'-Binaphthalene]-2,2'-diamine (2.13 o-o). Following the general procedure, using 
V-Salan-Cy catalyst, compound 2.13 o-o was obtained as a yellow solid in 65% yield. 1H 
NMR matches the reported compound.137 
 
5,5'-Diethyl-4,4',6,6'-tetramethoxy-[1,1'-biphenyl]-2,2'-diol ( 2.20 o-o). Following the 
general procedure, using Ru-Salen-H-NO2 catalyst with PhCl as the solvent, compound 
2.20 o-o was obtained as a colorless resin in 73% yield: 1H NMR (500 MHz, CDCl3) 




O2, 4Å MS, C6H5CF3 









DCE , O2, 





















2.60 (dq, J = 13.0, 7.4 Hz, 2H), 1.14 (t, J = 7.4 Hz, 6H); 13C NMR (125 MHz, CDCl3)  ! 
159.5, 156.2, 153.7, 118.9, 106.5, 97.7, 61.4, 55.8, 17.3, 15.1; IR (film) 3376, 2937, 
2872, 2836, 1606, 1454, 1409, 1319, 1233, 1190, 1154, 1121, 1021 cm-1; HRMS (ES) 
m/z = 363.1808 calcd for C20H27O6 [MH]+, found 363.1818. 
 
8,9b-Diethyl-1,4a,7,9-tetramethoxy-4a,9b-dihydrodibenzo[b,d]furan-3(4H)-one (2.20 
PK). Following the general procedure, using Cr-Salen-H catalyst, compound 2.20 PK 
was obtained as a colorless resin in 55% yield: 1H NMR (500 MHz, CDCl3) ! 6.22 (s, 
1H), 5.51 (s, 1H), 3.82 (s, 3H), 3.75 (s, 3H), 3.66 (s, 3H), 3.36 (s, 6H), 3.26 (d, J = 16.9 
Hz, 1H), 2.83 (dq, J = 14.2, 7.3 Hz, 1H), 2.62 (d, J = 16.9 Hz, 1H), 2.58 (q, J = 7.5 Hz, 
2H), 2.15 (dq, J = 14.2, 7.3 Hz, 1H), 1.15 (t, J = 7.3 Hz, 3H), 0.93 (t, J = 7.5 Hz, 3H); 13C 
NMR (125 MHz, CDCl3)  ! 194.2, 176.4, 160.2, 158.0, 156.6, 119.7, 114.1, 110.4, 102.9, 
91.3, 63.2, 59.0, 56.6, 55.8, 49.8, 42.27, 22.9, 17.8, 14.5, 9.6; IR (film) 2965, 2939, 2875, 
2837, 1663, 1603, 1466, 1416, 1356, 1339, 1288, 1233, 1198, 1126, 1078, 1050 cm-1; 






































2.20 B 2.20 PK
+
2.20B : 2.20PK (1:1) 
 measured by 1HNMR
 !"!#
Following the general procedure, using Mn-Salan-Ph catalyst, a mixture of compounds 
2.20B and 2.20 PK in 1:1 ratio was obtained. 
4-Ethyl-4-(4-ethyl-3,5-dimethoxyphenoxy)-3,5-dimethoxycyclohexa-2,5-dien-1-one 
(2.20B). yellowish solid; 1H NMR (500 MHz, CDCl3) ! 6.15 (s, 2H), 5.62 (s, 2H), 3.72 
(s, 6H), 3.65 (s, 6H), 2.50 (q, J = 7.4 Hz, 2H), 2.23 (q, J = 7.6 Hz, 2H), 0.99 (t, J = 7.4 
Hz, 3H), 0.75 (t, J = 7.6 Hz, 3H); 13C NMR (125 MHz, CDCl3)  ! 187.1, 170.5, 158.3, 
155.1, 115.2, 103.9, 94.5, 81.0, 56.6, 55.7, 31.7, 16.2, 14.1, 7.8; IR (film) 2936, 1652, 
1596, 1453, 1375, 1214, 1191, 1143 cm-1; HRMS (ES) m/z = 363.1808 calcd for C20H27O6 
[MH]+, found 363.1805. 
 
2',2'',4'',6'-Tetramethoxy-[1,1':3',1'':3'',1'''-quaterphenyl]-4',6''-diol (2.21 o-o). 
Following the general procedure, using Ru-Salen-H-NO2 catalyst, compound 2.21 o-o 
was obtained as a colorless resin in 72% yield: 1H NMR (500 MHz, CDCl3) ! 7.43-7.40 
(m, 8H), 7.36-7.31 (m, 2H), 6.58 (s, 2H), 5.98 (s, 2H), 3.76 (s, 6H), 3.24 (s, 6H); 13C 
NMR (125 MHz, CDCl3)  ! 159.0, 156.5, 155.4, 134.1, 131.2, 128.1, 127.1, 117.9, 106.1, 
97.5, 61.2, 56.1; IR (film) 3397, 2937, 2845, 1602, 1463, 1396, 1205, 1100, 1068 cm-1; 




















12,13b-Dimethyl-6a,13b-dihydrodinaphtho[1,2-b:1',2'-d]furan-5(6H)-one (2.15 PK). 
Following the general procedure, using Cu-Salan-Cy catalyst, compound 2.15 PK was 
obtained as a purple resin in 63% yield: 1H NMR (500 MHz, CDCl3) ! 7.97 (dt, J = 7.9, 
0.7 Hz, 1H), 7.94-7.92 (m, 1H), 7.89-7.88 (m, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.55 (t, J = 
8.0 Hz, 1H), 7.47-7.41 (m, 3H), 7.27-7.24 (m, 1H), 4.97 (t, J = 3.5 Hz, 1H), 3.44 (dd, J = 
17.0, 3.5 Hz, 1H), 3.12 (dd, J = 17.0, 3.5 Hz, 1H), 2.67 (m, 1H), 1.91 (m, 1H); 13C NMR 
(125 MHz, CDCl3)  ! 194.9, 153.3, 145.4, 134.7, 133.0, 130.6, 128.1, 127.93, 127.89, 
126.9, 126.5, 126.3, 125.7, 124.6, 122.4, 121.2, 121.0, 88.7, 47.4, 38.6, 29.9, 25.5; IR 
(film) 3065, 2963, 2924, 1692, 1599, 1454, 1408, 1382, 1329, 1290, 1261, 1077 cm-1; 
HRMS (ES) m/z = 315.1385 calcd for C22H19O2 [MH]+, found 315.1383. 
 
 
Following the general procedure, using Co-Salen-Cy catalyst, the quinone product was 
obtained as a yellow resin. 1H NMR matches the reported compound. 
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Thermal Rearrangement of Compound 2.20B  
 
The solution of compound 2.20B (30.0 mg) in toluene (1 mL) was stirred for 32 h 
at 45-50 °C. The solution was concentrated in vacuo to afford 2.20 PK as a colorless 
resin in 100% yield. 
Cyclic Voltammetry 
A representative cyclic voltammogram is depicted in Figure 2.16. The Eox values 














































The general procedure was as follows: Under nitrogen atmosphere, a 
electrochemical cell was charged with a magnetic stir bar and CH3CN (10 mL), and 
tetrabutylammonium hexafluorophosphate (1.0 mmol). For CVs of each phenol, the 
indicated phenol (0.2 mmol) was added to the mixture. The cell was equipped with a 
glassy carbon anode, Pt wire cathode, and Ag/AgNO3 reference electrode and then the 
apparatus was sealed using rubber cap. The solution was placed under a positive pressure 
of N2 and stirred at room temperature. Stirring was stopped prior to connecting to the 
potentiostat. The cyclic voltammograms for the phenols were typically taken from –2.4 V 
to +2.4 V vs. Ag/AgNO3 with a sweep rate of 0.10 V/s. Ferrocene (0.05 mmol) was 
added as an internal standard after each voltammogram.143 All potentials are reported in V 
vs. SCE. 
























Table 2.11. Oxidation Potentials (V vs. SCE) 
Substrate Eox 
2,3,5-Trimephenol 2.5 1.080 
Tetrahydronaphthol 2.12 1.095 
3-Methoxy-5-methylphenol 2.7 1.155 
2,3 Dimephenol 2.1 1.196 
3,4-Dimephenol 2.16 1.227 
3,5-Dimephenol 2.2 1.245 
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Appendix A. Spectroscopic Data!
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1. n-BuLi, (i-PrO)3B, -78 °C




















1. n-BuLi, (i-PrO)3B, -78 °C











Figure A9. 500 MHz 1H NMR Spectrum of Compound 1.3a in CDCl3 
 
!!"#$













































Figure A16. 125 MHz 13C NMR Spectrum of Compound 1.3e in CDCl3 
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Figure A 20. 125 MHz 13C NMR Spectrum of Compound 1.3f in CDCl3 
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Figure A23. 500 MHz 1H NMR Spectrum of Compound 1.3i and methylindole-3-carboxylate 





























































































































































Figure A45. 125 MHz 13C NMR Spectrum of Compound 1.3t in CDCl3 
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Figure A68. 500 MHz 1H NMR Spectrum of Compound 1.4f in CDCl3 !
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Figure A112. 500 MHz 1H NMR Spectrum of Compound 6,6'-((1E,1'E)-((1,2-
Diphenylethane-1,2-diyl)bis(azanylylidene))bis(methanylylidene))bis(2-(tert-butyl)-4-











Figure A113. 125 MHz 13C NMR Spectrum of Compound 6,6'-((1E,1'E)-((1,2-
Diphenylethane-1,2-diyl)bis(azanylylidene))bis(methanylylidene))bis(2-(tert-butyl)-4-








Figure A114. 500 MHz 1H NMR Spectrum of Compound 6,6'-((1E,1'E)-(Cyclohexane-1,2-








Figure A115. 125 MHz 13C NMR Spectrum of Compound 6,6'-((1E,1'E)-(Cyclohexane-1,2-








Figure A116. 500 MHz 1H NMR Spectrum of Compound 6,6'-((Ethane-1,2-








Figure A117. 125 MHz 13C NMR Spectrum of Compound 6,6'-((Ethane-1,2-












Figure A118. 500 MHz 1H NMR Spectrum of Compound 6,6'-((((1S,2S)-1,2-Diphenylethane-












Figure A119. 125 MHz 13C NMR Spectrum of Compound 6,6'-((((1S,2S)-1,2-Diphenylethane-




































































































































Figure A135. 125 MHz 13C NMR Spectrum of Compound 2.15 PK in CDCl3 
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Appendix C. X-ray Data 







Compound 1.4s, C22H31SiNO3, crystallizes in the orthorhombic space group 
P212121 (systematic absences h00: h=odd, 0k0: k=odd, and 00l: l=odd) with 
a=8.6875(13)Å, b=14.688(2)Å, c=16.685(2)Å, V=2129.1(5)Å3, Z=4, and dcalc=1.203 
g/cm3 . X-ray intensity data were collected on a Rigaku Mercury CCD area detector 
employing graphite-monochromated Mo-Ka radiation (l=0.71073 Å) at a temperature of 
143(1)K. Preliminary indexing was performed from a series of twelve 0.5° rotation 
images with exposures of 30 seconds. A total of 680 rotation images were collected with 
a crystal to detector distance of 35 mm, a 2q swing angle of -12°, rotation widths of 0.5° 
and exposures of 15 seconds:  
scan no. scan type ! " # 
1 # 10.0 20.0 135.0 — 315.0 
2 ! -20.0 — +20.0 -90.0 0.0 
3 ! -20.0 — +20.0 -90.0 90.0 
4 ! -20.0 — +20.0 -90.0 180.0 
5 ! -20.0 — +20.0 -90.0 270.0 
 Rotation images were processed using CrystalClear1, producing a listing of 
  !"#$
unaveraged F2 and s(F2) values which were then passed to the CrystalStructure2 program 
package for further processing and structure solution on a Dell Pentium 4 computer. A 
total of 18547 reflections were measured over the ranges 2.64 ! " ! 25.03°, -10 ! h ! 10, 
-17 ! k ! 17, -19 ! l ! 17 yielding 3772 unique reflections (Rint = 0.0873). The intensity 
data were corrected for Lorentz and polarization effects and for absorption using 
REQAB3 (minimum and maximum transmission 0.5223, 1.0000). 
The structure was solved by direct methods (SIR974). Refinement was by full-
matrix least squares based on F2 using SHELXL-97.5 All reflections were used during 
refinement. The weighting scheme used was w=1/[s2(Fo2 )+ (0.0356P)2 + 0.5537P] 
where P = (Fo2 + 2Fc2)/3. Non-hydrogen atoms were refined anisotropically and 
hydrogen atoms were refined using a riding model, except for the allylic hydrogen atoms 
which were included as constant contributions to the structure factors and were not 
refined.    Refinement converged to R1=0.0543 and wR2=0.1061 for 3126 observed 
reflections for which F > 4s(F) and R1=0.0714 and wR2=0.1157 and GOF =1.074 for all 
3772 unique, non-zero reflections and 253 variables.6 The maximum D/s in the final 
cycle of least squares was 0.000 and the two most prominent peaks in the final difference 
Fourier were +0.289 and -0.268 e/Å3. 
Table C1 lists cell information, data collection parameters, and refinement data. 
Final positional and equivalent isotropic thermal parameters are given in Table C2 and 
C3. Anisotropic thermal parameters are in Table C4.  Table C5 and C6 list bond distances 
and bond angles.  Figure C1 is an ORTEP7 representation of the molecule with 30% 




Figure C1. ORTEP drawing of the title compound with 30% probability 
thermal ellipsoids. 
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Table C1.  Summary of Structure Determination of Compound 1.4s 
Empirical formula  C22H31SiNO3 
Formula weight  385.57 
Temperature  143(1) K 
Wavelength  0.71073 Å 
Crystal system  orthorhombic 
Space group  P212121 
Cell constants:   
a  8.6875(13) Å 
b  14.688(2) Å 
c  16.685(2) Å 
Volume 2129.1(5) Å3 
Z 4 
Density (calculated) 1.203 Mg/m3 
Absorption coefficient 0.131 mm-1 
F(000) 832 
Crystal size 0.32 x 0.14 x 0.12 mm3 
Theta range for data collection 2.64 to 25.03° 
Index ranges -10 ! h ! 10, -17 ! k ! 17, -19 ! l ! 17 
Reflections collected 18547 
Independent reflections 3772 [R(int) = 0.0873] 
Completeness to theta = 25.03° 99.9 %  
  !"#$
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.0000 and 0.5223 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3772 / 0 / 253 
Goodness-of-fit on F2 1.074 
Final R indices [I>2sigma(I)] R1 = 0.0543, wR2 = 0.1061 
R indices (all data) R1 = 0.0714, wR2 = 0.1157 
Absolute structure parameter 0.11(18) 
Largest diff. peak and hole 0.289 and -0.268 e.Å-3 
  !"#$
Table C2. Refined Positional Parameters for Compound 1.4s 
 
  Atom x y z Ueq, Å2 
C1 0.5237(4) 0.3064(2) 0.9541(2) 0.0272(8) 
C2 0.6135(4) 0.34534(19) 0.88167(17) 0.0232(7) 
C3 0.4863(4) 0.3527(2) 0.81877(19) 0.0262(8) 
C4 0.4898(4) 0.3787(2) 0.7394(2) 0.0311(8) 
C5 0.3522(5) 0.3826(2) 0.6975(2) 0.0378(9) 
C6 0.2151(5) 0.3591(2) 0.7335(2) 0.0414(10) 
C7 0.2096(4) 0.3289(2) 0.8126(2) 0.0377(9) 
C8 0.3481(4) 0.32642(19) 0.85334(19) 0.0264(8) 
C9 0.6934(4) 0.4350(2) 0.90704(18) 0.0271(7) 
C10 0.8166(4) 0.4251(2) 0.9526(2) 0.0321(8) 
C11 0.9441(5) 0.4176(2) 0.9909(3) 0.0508(11) 
C12 0.6731(4) 0.6144(2) 0.99748(19) 0.0337(8) 
C13 0.6308(5) 0.7156(2) 0.9994(2) 0.0494(10) 
C14 0.6112(5) 0.5667(3) 1.07233(19) 0.0489(10) 
C15 0.7409(4) 0.6178(2) 0.8181(2) 0.0318(8) 
C16 0.9139(4) 0.6218(3) 0.8358(2) 0.0489(11) 
C17 0.7179(5) 0.5805(2) 0.73337(19) 0.0419(10) 
C18 0.4145(4) 0.5689(2) 0.87109(19) 0.0284(8) 
C19 0.3757(4) 0.6642(2) 0.83789(19) 0.0313(8) 
C20 0.3049(4) 0.5456(2) 0.9404(2) 0.0374(9) 
C21 0.7325(4) 0.2767(2) 0.85055(18) 0.0259(7) 
C22 0.8149(5) 0.1230(2) 0.8560(2) 0.0416(10) 
N1 0.3736(3) 0.29937(17) 0.93334(15) 0.0287(6) 
O1 0.5794(3) 0.28758(15) 1.01932(13) 0.0313(6) 
O2 0.7089(3) 0.19411(14) 0.88162(13) 0.0344(6) 
O3 0.8300(3) 0.29454(16) 0.80229(13) 0.0359(6) 
Si1 0.62528(10) 0.55815(6) 0.89777(5) 0.0244(2) 
Ueq=1/3[U11(aa*)2+U22(bb*)2+U33(cc*)2+2U12aa*bb*cos !+2U13aa*cc*cos "+2U23bb*cc*cos#] 
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Table C3. Positional Parameters for Hydrogens in Compound 1.4s 
  Atom x y z Uiso, Å2 
H4 0.5824 0.3932 0.7145 0.041 
H5 0.3524 0.4013 0.6442 0.050 
H6 0.1242 0.3635 0.7043 0.055 
H7 0.1177 0.3114 0.8367 0.050 
H12 0.7855 0.6121 1.0021 0.045 
H13a 0.5208 0.7220 0.9982 0.074 
H13b 0.6746 0.7456 0.9537 0.074 
H13c 0.6703 0.7427 1.0476 0.074 
H14a 0.6531 0.5952 1.1193 0.073 
H14b 0.6408 0.5037 1.0714 0.073 
H14c 0.5010 0.5712 1.0733 0.073 
H15 0.7047 0.6809 0.8171 0.042 
H16a 0.9564 0.5615 0.8334 0.073 
H16b 0.9300 0.6467 0.8883 0.073 
H16c 0.9637 0.6597 0.7967 0.073 
H17a 0.7739 0.6174 0.6959 0.063 
H17b 0.6103 0.5817 0.7202 0.063 
H17c 0.7549 0.5189 0.7309 0.063 
H18 0.3941 0.5251 0.8281 0.038 
H19a 0.2674 0.6679 0.8269 0.047 
H19b 0.4324 0.6745 0.7893 0.047 
H19c 0.4031 0.7096 0.8767 0.047 
H20a 0.3129 0.5913 0.9813 0.056 
H20b 0.3324 0.4874 0.9625 0.056 
H20c 0.2011 0.5433 0.9209 0.056 
H22a 0.8065 0.1146 0.7991 0.062 
H22b 0.7897 0.0670 0.8828 0.062 
H22c 0.9184 0.1403 0.8693 0.062 
H1 0.3024 0.2807 0.9651 0.038 
H11a 0.9458 0.4092 1.0469 0.080 
H11b 1.0335 0.4140 0.9595 0.080 
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Table C4.   Refined Thermal Parameters (U's) for Compound 1.4s 
 
  Atom U11 U22 U33 U23 U13 U12 
C1 0.026(2) 0.0230(16) 0.0322(19) -0.0003(15) 0.0025(16) 0.0032(14) 
C2 0.0196(18) 0.0235(14) 0.0264(17) 0.0005(13) -0.0001(15) 0.0008(13) 
C3 0.028(2) 0.0176(14) 0.0329(19) -0.0048(14) -0.0061(16) -0.0001(13) 
C4 0.036(2) 0.0227(16) 0.034(2) -0.0037(15) -0.0022(17) -0.0002(15) 
C5 0.050(3) 0.0324(18) 0.0307(19) -0.0009(15) -0.007(2) 0.0021(18) 
C6 0.043(3) 0.0339(19) 0.047(2) -0.0005(18) -0.020(2) 0.0050(17) 
C7 0.027(2) 0.0337(18) 0.053(2) -0.0003(18) -0.0101(18) 0.0016(16) 
C8 0.023(2) 0.0226(15) 0.0333(18) -0.0006(14) -0.0022(16) 0.0004(13) 
C9 0.0252(19) 0.0267(15) 0.0292(17) 0.0016(15) -0.0010(15) -0.0043(14) 
C10 0.027(2) 0.0249(17) 0.045(2) 0.0005(15) 0.0002(18) 0.0007(15) 
C11 0.045(3) 0.031(2) 0.076(3) 0.006(2) -0.024(2) -0.0030(17) 
C12 0.037(2) 0.0345(17) 0.0291(18) -0.0035(16) -0.0039(17) 0.0046(16) 
C13 0.061(3) 0.0373(19) 0.050(2) -0.0115(19) -0.018(2) 0.002(2) 
C14 0.065(3) 0.056(2) 0.0260(18) -0.0048(17) -0.0010(19) 0.003(2) 
C15 0.028(2) 0.0309(17) 0.0371(19) 0.0020(16) -0.0012(16) -0.0026(15) 
C16 0.034(3) 0.060(2) 0.053(3) 0.013(2) 0.006(2) -0.0076(19) 
C17 0.050(3) 0.042(2) 0.033(2) 0.0017(17) 0.0105(19) -0.0083(18) 
C18 0.026(2) 0.0295(17) 0.0295(17) -0.0012(15) -0.0051(15) -0.0005(14) 
C19 0.030(2) 0.0329(17) 0.0314(18) 0.0029(15) -0.0049(17) 0.0066(15) 
C20 0.028(2) 0.0393(19) 0.045(2) 0.0060(18) 0.0040(17) 0.0037(17) 
C21 0.0204(19) 0.0316(18) 0.0259(17) -0.0008(15) -0.0016(15) 0.0020(14) 
C22 0.047(3) 0.0336(18) 0.044(2) -0.0059(17) -0.0005(19) 0.0150(17) 
N1 0.0180(16) 0.0335(14) 0.0346(15) 0.0051(13) 0.0023(13) -0.0032(13) 
O1 0.0268(14) 0.0361(12) 0.0311(13) 0.0025(11) 0.0008(11) -0.0008(10) 
O2 0.0400(15) 0.0246(11) 0.0386(13) 0.0012(11) 0.0067(12) 0.0049(10) 
O3 0.0291(15) 0.0402(13) 0.0385(13) -0.0026(12) 0.0071(12) 0.0000(11) 
Si1 0.0231(5) 0.0242(4) 0.0259(4) 0.0002(4) -0.0008(4) -0.0004(4) 
The form of the anisotropic displacement parameter is: 
exp[-2!2(a*2U11h2+b*2U22k2+c*2U33l2+2b*c*U23kl+2a*c*U13hl+2a*b*U12hk)] 
  !"#$
  Table C5. Bond Distances in Compound 1.4s, Å 
 
C1-O1  1.223(4) C1-N1  1.353(4) C1-C2  1.548(4) 
C2-C3  1.528(4) C2-C21  1.534(4) C2-C9  1.547(4) 
C3-C4  1.379(5) C3-C8  1.387(5) C4-C5  1.386(5) 
C5-C6  1.378(5) C6-C7  1.393(5) C7-C8  1.383(5) 
C8-N1  1.410(4) C9-C10  1.321(5) C9-Si1  1.910(3) 
C10-C11  1.284(5) C12-C14  1.529(5) C12-C13  1.533(5) 
C12-Si1  1.903(3) C15-C17  1.530(4) C15-C16  1.532(5) 
C15-Si1  1.882(3) C18-C20  1.537(5) C18-C19  1.543(4) 
C18-Si1  1.891(3) C21-O3  1.198(4) C21-O2  1.335(4) 
C22-O2  1.457(4)     
 
 
Table C6. Bond Angles in Compound 1.4s, ° 
 
O1-C1-N1 126.3(3) O1-C1-C2 125.4(3) N1-C1-C2 108.3(3) 
C3-C2-C21 107.5(2) C3-C2-C9 116.9(2) C21-C2-C9 110.5(3) 
C3-C2-C1 101.4(3) C21-C2-C1 111.2(2) C9-C2-C1 109.1(2) 
C4-C3-C8 119.7(3) C4-C3-C2 131.5(3) C8-C3-C2 108.7(3) 
C3-C4-C5 118.5(3) C6-C5-C4 121.0(3) C5-C6-C7 121.5(4) 
C8-C7-C6 116.4(4) C7-C8-C3 122.8(3) C7-C8-N1 127.6(3) 
C3-C8-N1 109.6(3) C10-C9-C2 115.3(3) C10-C9-Si1 113.7(2) 
C2-C9-Si1 130.2(2) C11-C10-C9 174.5(4) C14-C12-C13 110.1(3) 
C14-C12-Si1 116.0(2) C13-C12-Si1 112.8(2) C17-C15-C16 108.7(3) 
C17-C15-Si1 114.6(2) C16-C15-Si1 113.9(2) C20-C18-C19 109.7(3) 
C20-C18-Si1 113.8(2) C19-C18-Si1 111.8(2) O3-C21-O2 124.6(3) 
O3-C21-C2 124.1(3) O2-C21-C2 111.2(3) C1-N1-C8 111.9(3) 
C21-O2-C22 116.2(3) C15-Si1-C18 108.17(15) C15-Si1-C12 107.39(15) 
C18-Si1-C12 112.38(16) C15-Si1-C9 109.43(14) C18-Si1-C9 113.46(14) 
C12-Si1-C9 105.82(14)     
  !"!#
 
                                                
1CrystalClear: Rigaku Corporation, 1999. 
 
2CrystalStructure:  Crystal Structure Analysis Package, Rigaku Corp. Rigaku/MSC (2002). 
 
3REQAB4: R.A. Jacobsen, (1994). Private Communication. 
 
4SIR97:  Altomare, A., M. Burla, M. Camalli, G. Cascarano, C. Giacovazzo, A. Guagliardi, A. Moliterni, 
G. Polidori & R. Spagna (1999). J. Appl. Cryst., 32, 115-119. 
 
5SHELXL-97: Sheldrick, G.M. (2008) Acta Cryst., A64,112-122. 
 
6R1 = S||Fo| - |Fc|| / S |Fo| 
wR2 = [Sw(Fo2 - Fc2)2/Sw(Fo2)2]! 
GOF = [Sw(Fo2 - Fc2)2/(n - p)]! 
where n = the number of reflections and p = the number of parameters refined. 
 
7“ORTEP-II: A Fortran Thermal Ellipsoid Plot Program for Crystal Structure Illustrations”. C.K. Johnson 
(1976) ORNL-5138. 
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